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SPACE PHOPULSXCP SYSPE.V.S. PRESENT PEHPCRNANCE 
LIMITS AND APPLICATION AND DEVELOPMENT TRENDS'*" 


ABSTRACT 


Rolf D. Buhler and Roger E. Lo 




y. ?AGS IB 
P>1K Cii 


We give a sumraary about typical spaceflight prograits and 
their propulsion requ:-.reRients as a basis of comparison for possible 
propulsion systems of the present and near future. In addition to 
chemical propulsion systems, we can consider solar, nuclear, or 
even laser propelled pockets with electrical or direct thermal fuel 
acceleration. Also, we can consider ’’non-rockets" which have air- 
breathing devices and solar cells. 

The chemical launch vehicles including Ariane and shuttle 
will be considered together as candidates for transportation of 
payloads into Earth orbit and return, They have similar technical 
characteristics and transportation costs. Examples are given of how 
to improve the engines and their structure, We give a brief discus- 
sion of a possible im.provement of payload by using air-breathing 
lov/er stages. This is followed by a summary on chemical upper stages 
and kick stages and a discussion of the future possibilities of sup- 
plying energy fuels, 


A summary about the electrical energy si^i^ply installations is 
given which gives the performance limits of electrical propulsion. 

The electrostatic ion propulsion systems Vvhich are widely used for 
trajectory control and for primary propulsion systems are discussed 
in detail. After a short description of previously used resisto-jets 
and plasma miniature engines and magnetic coil attitude control sy- 


‘DGLR (German Aerodynamics and Space Plight Congress) 1376. Per- 
formance limits and development trends. IRA University of Stuttgart, 
Institute for Space Propulsion. 

"Ph.D, Professor, Director of Institute for Space Propaltion, I;.i- 
versity of Stuttgart. 

""Professor, Dr. phil.. Director of Institute for Chemical yropulsiqn 
and Processing Technology of the DFVLR Lampoldshausen. 
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scona, v,'o di'souos the development possibilities of thormil, mag- 
netic and electrostatic rocket cnEinos. The state of development 
of the nuclear - thermal rocket and propulsion concepts for the 
distant future are described. 


1. IPTRODUC-TION 

Ju?5t like in aviation, space flight first of all depends on 
performance capacity and the weight of the available propulsion 
systems. 

Space flight propulsion systems are basically limited be- 
cause of a lack of outer support mass such as the Earth’s atmosphere 
which supports the air-breathing engines. Therefore, in most cases 
they have to carry along the support structure, that is, tney are 
rockets. Compared with other transportation methods, the propulsion 
system of space flight including the fuel usually represents the 
greatest part of the total mass, and the payload usually represents 
a very tiny part of the total mass (a few percent or even a fev/ pro- 
mille). Even small performance changes in the propulsion system can 
have a drastic effect on payload fraction and therefore on the cost 
per kg of payload. For this reason and because of the high cost of 
the payload itself, the best and most reliable propulsion systems 
are also the most economical ones. 


For propulsion systems into and out of an orbit, there are 

a very large number of degrees of freedom (for example, compared 

vjith aviation engines). Zero gravity, a vacuum and radiation of 

w 

the sun which lasts up to 24 hours, allow the following: 

very small specific thrust levels, accelerations dov/n 

to 10“^„„ 
go 

enormous solar cells areas on extremely light structures 


limited expulsion of poisonous fuels 
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•'rnitcd Qhiolalnz of nuclear roacterSi etc. 


For this reason, there ex**sts a wico ran^o of posaivlc* propul- 
sion systo.T.o for such px>oz^^^>^ in space; these extend fror. the hich 
energy triersol-cher.ical systems up to the nuclear and solar elec- 
trical rochets, as v.'Oll as macnotic colls, solar cells, etc. The 
specific thrust, duration of propulsion and, therefore, the fli'fnt 
trajectories for satisfyinc such missions, vary according to the 
different propulsion systems over a wide ranse. In addition, the 
various propulsion systems have various advantages and disadvantages, 
ouch as electrical energy facilities, which count partially as the 
payload. ‘They have large areas which make maneuvering difficult or 
there exists safety and waste removal problems for nuclear reactors. 


Therefore, it is very difficult to make comparisons of the 
various propulsion systems for space flight and to give a balanced 
overview’. 


In the following paper V7S will attempt to evaluate and list 
the present and expected performance levels of various propulsion 
systems using appropriate applications (flight programs) and W’e will 
make comparisons. 

VJe hope that our paper will make it easier for the systems 
engineer, researen planning engineer and development planning engi- 
neer, as well as other readers associated with space flight problems, 
to understand the possibilities and limiitations of space flight as 
far as they are limited by the propulsion systems. 
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•1 ctivos a tuorpliolo^y of saloctwcJ propul uioii uyavw:r.u 
for opr.co flit::h‘a, and also civ^o an indication about tbo duvulop- 
ir.ant status of various propulsion systerr.s. Accordingly, the fcllov; 
inj Tire candidates as enercy sources (or stcrai;© units) for space 
propulsion cyatens; 


Chetiical 
the fuel 
alone or 


>fx n r% "v** .’v 

V I 


enePi^y carriers, includinc. internal heat in 
carried' (cor.bustlon, decor.position, cold d^s) 
in cojtbination with ^ases of a planetary atr.o- 


— Solar ener^iy' 


Nuclear energy carriers radio 
later nuclear fusion), 


.sot opes, nuclear fission, 


— Sleotrioal power plants stationed on the Earth or larc:e 
satellites, whose enercy is transmitted to the propulsion 
modules using lasers or microwaves' (called "laser propul 
Sion" here). 

We w'ill not discuss other energy sources in space (for ex- 
ample, free radicals), 


According to the basic mechanism of producing thrust or prop, 
Sion, there are two kinds of propulsion systems; Rockets and "non- 
rocket", Rockets are the majority of all propulsion systems used 
today and planned for the future and produce their thri 
Sion impulse by expelling mass which is carried along. 


0 


Tiw I'uci ueceXeruvior. ocaur (Ly wx;.c.r.jivf.) , 

eleav^i’iCwi' ly oi» r.r.y‘.ictodyr.a:riiar.lly or wuvo r.t.ch;,..*cr.l*y Cpiirt;XcXc; 
raaXritjion oi* radiation), or ever. puruXy jr.uGhanieuXIy , A« thw 

pi-coont; ti;r*o and in the naar fuvara, only iho th&rr.al and elcotrisal 
rookot;d will ba uoad. Activa phodons (wavoa) or particXoo (n-i-u^rono, 
pvozons) radiators aru Xir.itinc cases v;hich will not ba diceuosw*a 
here . 


The non-rochets produce the propuXslon ir, pulse by support on 
planetax^y atir.ospheres, ir.acnetlc fioXds or the radiation fieXd of the 
sun, IncXtdin^ the solar wind. The acceleration of the atr.ospherio 
cas can also occur thermally (ramdet), partially mechanically (tui-*bo- 
fan), or electx’oiriacnetically (.^:?D-''rdrr.jet") , or this can hap./C-n purely 
passively using a flu id -mechanic method (atmospheric braking). 


The more or loss passive support on planetary gravitational 
fields (gravitation gx’adiont attitude control, planetary swing’oy 

;*i«;*.nt5u y HuPc 4.P OOuaXuvruu aP « jus?v*nvv4 wh\j 

sion requiroments and is not discussed as a means of active propul- 
sion. Active support by gravitational fields using gravitational 
waves (anti-gravity) will also not be discussed here. 


Per each of the three classification groups (energy, sxipport 
mass, thrust mechanism) there are hybrids which are mixed or com.bina- 
tion propulsion units \\1iich follow quite naturally. Some of the im- 
pox’tant ones include the following (or they could be im.portant in the 
.future) : 

4 

a) Energy source - hybrids 

chemical + solar electric 

" + nuclear therm.al 

” + nuclear electrical 

>' + laser 

b) Support m.ass com.bination propulsion systems 
Atmosphere + rocket (turborocket, euc.) 
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Accelcrctior. 


V* ' 1 ^ Y * 


»?hor.T.ril + flecfcro«ynarr.ic 
(for axar.plo, lic^*t: arc :'.?D) 

In addition., tliore aro uncinoa which can collact fucla In 
apace- and which can store thert. Later on, uhey can c-xpel tnen. line 
rochets, 'fhia la an idea for the future, ‘fabie 2-1 shows several 
cncri^y hybrid aystejuU liho the* chePiloal^electrotherKal reslstc-,;ev 
enj^lneo already used. The light arc/plasr,adyna,r,lc engines impi-os 
a jtlxing of thermal and electrodynamic methods. 


^ »*■»-» «,-fcwd.w 


n addition to rockets, non-rockets and their combination, 
o the possibility of using Earth-bound or planwt-bound 
takeoff aids (catapults, cannons, rocket sleds, etc.) v.'hich have 
arreared in the litezuiture. Today, there are designs for horiscntal 
takeoff air-breathing lower stages (KTOHL) for m»oon departure, v/h*ch 
v;ill not be discussed here. 


2.2 


PROPULSION REQUIREMENT FOR TYPICAL 
FLIGHT TESTS AND PROPULSION CAPACITY 


The propulsion capacity of a space vehicle (A "ust be 

at least as large as the propulsion requirement of the 

given flight program or task group, including all of the associated 
conditions such as payload, flight time, launch site, and launch di- 
rection, etc. 

- ^'^CHAR 

Since space flight propulsion systems are usually roexets, the deiini 
tiono of propulsion capacity and propulsion requirement is oasod on 
the rocket equation (momentum equation). 


m^e Av-values for propulsion capacity and propulsion require- 
ment (in the future they will be set equal and called iv) I’erer to 
the fictitious velocity increase of a rocket in a gravity-iree and 
dra~-free space, vfnich actually provides the enet-gy or momentum 
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2 Deployable, NZ near future, HT technology already available > 

P2 distant future, FPZ far distant future. 

Sniall experimental versions already flown in USSH, but additional 
tothnclogy required for practical sizes (about approximately 3CC hw). 


'TABLE 2-1: Selected propulsion systems for space (morphology) 
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launch direction, launch acceleration, influences of the atnc-ophere , 
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I’or exatiple, in the case ox’’ Earth satoxlites, tnw propu-s-vn 
reQulrenent varies butv/een about 8.7 kr.'./s tOT an equatorial ascent 
into an Earth orbit (LEO) to about -13.5 krr./s for missions into a 
stationary trajectory (GEO) for non-equatoriai launch sites. Luring 
the ascent throuc’n the Earth's atmosphere, a velocity increment of 
about iv "( 3-*» km/s could be produced to save fuel usins air-breatn- 
combination propulsion systems. 
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Tne propulsion requirement of an LEO-GEC trajectory transfex-* 
of interorbital spacecraft v.'ith subsequent return to the initial 
trajectory requires an enercy expenditure according to Table 2--E 
which is comparable with that of an ascent from the Earth into a low 
Sai’th orbit. 

I 

At the present time, only chemical rochet propulsion systems 
'With a thrust-to-weight ratio of >1 are possible for flight missions 
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EHDE - MARS 
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lANBUNG - ERDLANDUNG 

ERDCRBIT - 
SATURN ORBIT 
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ERDE-URANUS 
SOLAR-PROBE 

KOMETENSONDE 

(ENCKE-Vorbeiflug) 

K0KETEN-RENDE2V0US 

KOMET- " SAMPLE-RETURN" 

FLUCilT AUS 
SONNENSVSTEM 

STUR2 ZUR SONNE 


£■ 


Cv 1 

Ckm/a3 - 

MiBsior.s- 

dauur 

- 0,7 - 10 * 

3-4 1 

1 

15 Min.'^'^‘' 

12,9 - 13,5 

S,4 liS 

4 (9) 1 

6 (12 5) 

PC'S 
5,3 tkxrr 

0,5-1 -wtehry^^S 

12,4 


18 

10 

13,2 

0 , a 

34,5 

1 jr 4 jk^t/ 

•-» 

CO 

to 

5, 7 (2.0) 

17,1 

17,1 

Vrc 

a aa..*.-«- 
5 

17 7 


15,8 

; 

V^S 

0^3 

13,8+12,1 (SEP) 

Vff^c 

2,7 (SEP) 

> 35 -a"] 

\mc 

5,9 (SEP) 

17,5 

30 

32/3 

0,18 . 


vi 


Bonorkungun 


V \ " 

Schub/StartgCfV/icht;' > 1 
MOglichkeitj LuftwtMer- , 
Einsatz 


•<- Auf spiralen mit kontinu- 
ietlichcsm Antriob 


Apollo-Mission ohne 
Mondlandung 






''•( ) SshnellGSTQ Uber- 
gangs (Nicht-Hoh- 
ciann-Transfeb) 

ballistiscn dizukii 
via Jupiter-Sv?ingby 

AuSor-Ekliptik 90°- 
Mission mit Jupiter- 
Swingby 

Vorbeif.lugsG£ig^ohwindii; 
keit ^ 7 km/s \ 

Hailey- Vorbsif lug mit 
Tempel-2-Rendesvous 

ballistisch nicht 
praktikabel 

ZGitangabe gilt fUr 
Plug jenseits Neptun 

ballistisch nicht 
^yaktikabel 


1) LEO niedfiger Etdorbit 

2) GEO goosynehronor orbit 


3) aus 500 kra Parkorbit 

4) SEP Sblar-elektrischer Antriob (25 kw) 


1) LEO low Earth orbit 

2) GEO geosynchronous orbit 


3/ 


or* 5G0 hr. parhing orblo 
S2? solar electrical prop; 
sion (25 Iwv) 


‘ABLE 2-2; BHOPULEION RSQUXEEKENl'S CE SEVERAL MISSIONS ECH IE: 
PROJSCTORY THAES7ERS 
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onj 13a- oli;ctrioal propulsion-! 
with continuous thrust; l^i - Earth Esoapo; 
larth: Apollo Mission without Moon landinc; 


ori 


andinp, - Earth Landinc 

** V 
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V , 

I * Jvt 


Saturn or 
Pastor transfers 


Vk «t 4*> 


lon-Hohitann transfer): l8 - Harth-Uranus i 
ballistic direct; via Jupiter Swlncby; 19 - solar probe; out of 

iptic 90° - mission with Jupiter swlncby; 22 - comet probe (EECKE- 
lyby speed; 2k - corset rondesvous: Halloy-flyby v;ith tempel-2 
renciesvQus; 26 - comet sample return*, not practical ballistically ; 

escape from solar system; type given is for flight beyond Neptune 
crash ir.to the sun; not practical ballistically. 


ev, 

x^lyby) 


O'? 

28 - 
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Sar.h-LEO and for the launch or the landinc on rr.any other celoctial 
bodies. Trajectory r.aneuverc in orbits around the sun or planets 
such ar, for example, LSO-GEO trajectory transfers, could be carried 
out usinc thrust accelerations of 10"^ - 10"'" . For such mis- 

siono, the propulsion system can have a low specific thrust if there 
are no mission conditions on the flicht duration or conditions on 
the avoidance of dc^radinc solar cell performance. This mii;ht be 
imposed because the van Allen radiation belts of the Earth might 
have to be traversed rapidly in order to avoid degradation of so?ar 
panels. Such trajectory spiraling requires a higher Av propulsion 
requirement because of the large gravitational losses caused by the 
long propulsion times. For example, for LEO-GEO transverse, and if 
an electrical propulsion system is used, about 6 km/s is requirea 
in addition to increments for trajectory inclination changes. 


For missions to other celestial bodies, the Av propulsion 
requirement increases rapidly to values which cannot be mastered 
even in the future by chemical rockets, especially for flights with 
return of the spacecraft to the Earth (this is because the payload 
fractions decrease to about 10“-' or less). Use of the swingby 
method usually only results in a slight improvement but can bring 
about a substantial reduction in flight time. 

The performance limits of chemical rocket systems are given 
in the following Fig. 2-1. 


Pig. 2-1 shows the payload ratio as a function of the 
propulsion, capacity Ay for chem.ical and non-che.mical rocket stages. 
The required Av ranges of various groups of missions are sho\m along 
■Che abscissa. 


Accordingly, a single-stage chemical rocket with today’s 
technology reaches its perfor.mance limits at about Av 7 km/s. This 
means that for ascent into a lov; Earth orbit (LEO), at least a one and 
a half to two stage launch vehicle is required. The shaded band shora 
in Fig, 2-1 shows the optim.um number of stages for a chem.ical rocket 
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and thio ia the configuration v.-lth tho oo3t poooiblo payload ration. 
V.’o 000 fror. this that each iv incroaso of about 6.5-7 hir./s corre- 
sponds to a payload dotorioration by a factor of about 10. In other 
words, for the same payload mass, the launch vehicle takeoff welcht 
must be multiplied by lO 


According to Pig, 2-1 the propulsion requirement of chemica'* 
rockets, is limited to values of Av^2i km/s for payload ratios of 
10 In order to cover the propulsion requirement of high energy 
missions, it is advantageous to use electrical or nuclear-thermal 
propulsion systems for further acceleration of the spacecraft. 


In the case of launch from a low Earth parking orbit LEO, 
the figure shows third stages with optimised electrical propulsion 
systems having different exit speeds c^. Such devices, for example, 
are used for interorbital freight traffic LEO-GEO-LEO (Av 12-lS 
km/s ) . 


Prom the curves, we can see that already exit speeds of c„ = 

Q 

10 km/s have advantages for missions close to the Earth. For c > 

e 

20 l<m/s, the payload decrease is reduced with ' increasing Av compared 
v/ith chemical rockets, by a very substantial amount. 


Depending on the propulsion requirement, permissible mission 
duration and importance of fuel costs in LEO for a transport mission, 
exit speeds of = 30 - 80 km/s can be used, as will be discussed 
in Chapter 


The low specific thrust of electrical propulsion systems means 
that the production of a required Av increment requires long propul- 
ion times and, therefore, long mission times. In order to reduce 
the flight time, in the case of interplanetary missions, the payload 
is accelerated using chemical third stages to a velocity which is 
substantially above the escape velocity. However, the reduO'^-d flight 
time must be brought about with a deterioration in tho payload ratio 
by a factor of 3- Even for interorbital traffic, it is plaroiijd to 
use electrical propulsion only above the van Allen belt (altitua- 
about 15,000 km) in order 


to avoid excessive degradation o; 


3 . 


ci:e:-:xgal rockex phoxulsioe sysxees 
AND HOCKST ENGINES 


Cher.ical rocket: propulsion systems are used in space flight 
for a largo number of missions which can be represented as follov/s, 
ordered according to increasing thrust or total impulse: 

— Attitude control propulsion for alignment of spacecraft 

— Attitude control propulsion for positioning spacecraft 
and for maintaining position 

— Attitude control propulsion for aligning heavy objects, 
for example, rocket stages, shuttle orbiters, space 
laboratories 


— Trajectory correction propulsion for changing direc 
tion, such as mid-ccurse corrections 


— Kick stages for large trajectory changes, for example, 
perigee and apogee propulsion systems 


— Retro-propulsion for transfer into orbits around planets 
or for landing on them (also for launch) 

— Transfer propulsion and propulsion modules for transfers 
between trajectories with several course changes 

-- Upper stages of carrier rockets to include transfer 
trajectories and parking trajectories 


— Lower stages and boosters of launch vehicles for launch- 
ing from the Earth’s surface. 



The thrust requirement covers about 9 decades 
, The only new category in the future v?ill be 


from 10”^ to 
returnable 
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•jrar.iifor propulaion trodulca, which rr.uctJ deliver a Dubataritial propul- 
sion increir.er.t , such as is roquirod for transportation from the 
Earth's surface to a low Earth orbit. 


0 • * 


PHKSSNC? AND PUTUEE SPACE 


:ght launch vehicle systems 


Table 3-1 s^ves the most important launch vehicle rochets 
used today or v.’hich are in an advanced stage of development. Because 
there is no data available, we do not give any data for launch vehicles 
from t.ho Peoples Republic of China and the reuseable space transport 
vehicles probably under development in the USSR. With t.he exception 
of the space shuttle, all of these launch vehicles are vertical take- 
off expendable systems. All of them require 2 or 3 stages to reach 
low Earth orbit. The space shuttle will be launched with a recover- 
able 1st stage booster and a 2nd stage which will operate in parallel 
stai-’ting with launch, which is supplied with a non-reuscable fuel 
tank. The End stage, the orbiter, reaches circular orbit using addi- 




d 


tional on-board propulsion systems and can land aorodynamically . 
space shuttle, theivfore, is a two and one-half stage reuseable de- 
vice, type VTOITL. This not only means v/e have reached the limits of 
odern technology in many ways, but we also expect a first substan- 
al reduction in transportation costs into space by using the space 
shuttle. Pig. 3-1 shows the specific transportation costs for ex- 
pendable units and future reuseable space transport systems [233- 
Two factors reduce the specific transportation costs: total sice of 

the unit 'and num.ber of launches, An example of the first kind Is 
Saturn V. The Thor/Delta rocket is an examiple for the second kind. 


tn add" 


blon, 


the costs are reduced because the units can be reused. 


The value for the space shuttle is 3000 DM/kg and is substantially 
below the trend curve because it is not com.pletely reuseable. The 
original target value of 800 DM/kg can probably be reached by step- 
wise imorovemients. 


?romi this and from the influence of sise, one obtains the 


value for future heavy space transport system.s of about 
(20 $/ib), which has been m.entioned frequently. 


80 DM/kg 
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'TABLE 3-L; Selected launch vehicles 
1 - Notation; 2 - USSR; 3 - ground 


The coats and the transportation capacity liir.ited by the technol- 
ogy represent a a challenge. This is a challenge to overcome the 
present day performance and program limitations. It should be real- 
ised that in order to overcomie them can be justified from the further 
development of space flight. By reading the present literature (in- 
cluding a large study of NASA [1]), one can already clearly see the 
future goals: 


In the range of small to medium yearly transporta- 
tion expenditures, including personnel transporta- 
tion: achievement of complete recoverability and 

reusoability v/ith simultaneous reduction of the num- 
ber of stages of launch vehicles v/ith horizontal land- 
ing characteristics, of the size comparable v/ith the 
space shuttle. 
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3-1: Specific transport costs (LEO) as a function 

of payload. 

1 - transportation costs; 2 - payload; 3 - reuseable 


In the range froit large to very large yearly transporta- 
tion costs, especially for equipinent : construction of 

large-scale unats vrith several 100 ton payload capability. 
The individual stages will land vertically using clusters 
of engines and these can be reused. Kovmver, horisontal 
landing is also being seriously considered. 


This trend to r.odium sized winged VTOHL devices with only a 
single stage if possible (SSTO; Singie-Stage-to-Orblt ) cannot yet 
be clarified on the basis of numerous studies [2]. This result is 
controversial but it is based on the fact that the logistics of 
single space vehicles is much simpler, and there are important con- 
sequences for the operational costs in spite of the reiucsd payload 
fraction. 
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ti’ancparv \x-hlc2oi:- (ao-aallL-d Heavy ril*'« 
fii’at tj.e topic of the* na^ority of pi*C‘Jeci 
otudlao with, single otaco, vevtical takeoff and landlnc cyotc-rr.o 

/ f ''f'l *1’ \ ^ 

vv*wv*j/. »,',o now pro^jwot stuaico a^ain seer, to consido** two-sta**© 
sy,. OI..S with vortical takeoff and vertical or horizontal landing 
(WO\:. or VCCHL) for both stacos [23, 693. 


Those space transport systo.T.s just mentioned, however, arc 
not Wj.whin the ximitations of today's technology. Their dcvelop- 
.ment assumes numerous and substantial advances in the direction of 
even lighter structures and better propulsion systems. In addition, 

there is the new requirem.ent for m.inimum m.aintenance after each 
flight. 

*he ...ftwOrials and design miethods v.'ill not bo discuscod .aero. 
However, we can say that the new materials will play a fundamental 
role Just like new design methods (for example, computer controlled 
interval construction methods and control configured vehicle (CCY) 
technology). 

We expect the following improvem.ents in propulsion system.s, 
both in the components and in the system.sj 


— — nigh 
rr» 


Pressure engines 


These allow high relaxation ratios and consequently high 
specific impulse, even on the ground. The space shuttle 
uses 3 space shuttle main engines (SSHE) at 203 bar. An 
additional increase in the com.bustion chamber pressure 
v.'ill require overcom.ing technological limitations of 
numerous components [33. The oxidiser must be used for 
cooling such engines, Gas generators [^3 operating stoi- 
cniometrically are requisites for realising expansion 
cycles at ultra-high pressures. Turbopump technology is 
especially critical here, The specific mas; 
duced by increasing the revolution rates, 
shown that the probable upper li.m 
combustion chamber oressure. 


v*» » ■» «• t* 

iia iA W w W 


,, >•> A *: \T K % V ’ %jr ^ 


^ -ri.W CUU WU.P 1 MilsJ 
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- Aouiilwa wl‘vh vuj?ir*ble f.rca ra-ios 

The r.u“chihc Qi the at’ea ratio to the decreasir.^; cxtvrna* 
proesure durinc asci...t of carrier rockets pronviaca to 
brir.,1 about a aubstantira irr-nrovenont in the intvhral 
oei‘f oriiianco > This caa be done usin^ eJCtenciawXe no««*u 
extensions in two stacjos (dual position noas*ew) or «.n 
four stages (nulti-position noasXes). There is another 
possibility of usins "unconventional” nozzles w-tL .in- 
ternal or external nozzle surfaces. Ring throat nozz-.es 
or linear slit nozzles can bo integrated very well in 
the base area of winged launch vehicles (for exar.ple, 
the Aerospike engine of Hoeketdyne), This can se done 
with super-elliptical nozzle areas for conventional en- 
gines 13 j> 


— Mixed r.ode propulsion syster.s 

These iaprovo the perforr.ance drastically, especially 
jor riargxnai r.iSSiuns Sucn xnc ww*v. 
based on an analysis of R. Salkeld [6j and siir.ultanuous-y 
or sequentially uses fuel with a high density and there- 
fore a relatively low specific iir.pulse in conjunction 
vfith fuels with a high specific ijr.pulse and therefore a 
low density. The r.ixed operation allows higher payloads 
than if one uses only one of the two fuel pairs. 


Parallel operation gives i^tproved overall results. This ir.eans 
a r.ixed r.ode SSTO launch vehicle in the simplest case could operate 
V’ith FI (engine of the 1st Saturn V stage) in conjunction v.’ith the 
SSM2 er.i^ines . These wou3.d be applied from a common ijOX tan.v a*.^-. 
separate H?l and LKg tanks, Since the substantial v.'eight reuuctxon 
connected with the use of such engines can be easily calcu-atea ;cr 
the tv/o fuel combinations, those are now being studied at tne request 
of MASA. Rcckotdyne [?] is investigating an Sn.-.x r.ou-.i,i.Cviw-.w.i 
v,'ill burn hydrogen and RPl, propane or methane in conjunction wxtn 
LOX. In this engine, the two combinations can be burned in ucrius. 

At Aerojet, the concept of a dual expander englner nas v.e- 

velopedj v/hich burns lOX/RPl at 4 14 bar in c 


22 


wi<c kiinC’ itw wu**i»*r»^* X/i-i**g .**» uTi cut»c^* c»»»u’'.«#w«* «« 

'iC7 bar*. 7hcr&tovc, in ‘whls operational stu::v it can ppoouce 270C 
kP thrust aurin^: the launch phase i7>% of this is prooucud wp 
LOX/Eri). In the hi<rher atjr.osphere, only tho ring burner char.bor 
operates, and its cap nossle produces over SCO kX thrust xith a slr.ul 
tanoous altitude r.atchint'; effect, 

— Air oreathins propulsion syytor.s 

In addition to the r.ixod r.ode principle, there is a second 
possibility of ir.provin£^ space vehicle propulsion syste!.'.s on the sy- 
ster.s plane. This is done by usinc air breathirc engines. This not 
only substantially improves tho fuel specific impulse, but also re- 
sults in a substantial increase in the propelled mass. This solu- 
tion, th'-vefore, places special requirements on the overall systems 


i W» •*» >1? # 


The online performance data also depend on the flitd'.t 


speed and the flicht altitude. Pi^;. 3.2 elves the relationships be- 
tv.'Own power increase usin^ air breathlni:! onsines, additional propul- 
sion system mass and the payload ratio of the pure rockets and air 
breathers for a single first stace. These are space transport 
vehicles with parallel operation of rockets and air breathers. The 


uppermost curve represents the ideal case where the increase of ui;u 


*,U 


r»v ^ 

tit ink < 


exit speed oniv.^'^ assumed without aaditional online mass, 
is equivalent to the specific impulse. The avera£;e curve variation 
shov;s tho increase in mass of the propulsion system due to air breath- 
inc propulsion, which is required to rcaah the correspondin'* equivalent 
exa,v w'j'eed c • Rocaow Si/i'uOuura*. mass, acaitional mass of the 

air breathing] system and rocket payload mass give the variation of 
the second qualitative curve. The region between this curve and the 
ideal curve represents the possible gain in payload by air breathing 
engines. 


As the specific impulse Increases or the equivalent exit speed 
"ncreases, first the payload gain will increase due to air 


•k..t.4U4i ^ if C*.ta^4,^C‘V*r*»iVW 


°e oqiv. 

breathing engines up to a certain maximum, 
until finally no payload gain can bo achiovod anymore. At this point 
tho increase in the specific impulse is completely consumed by the 
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nass ir.civacc of thu 
pula ion syator.. A further 
Incroaae would not zakQ 
umsa. 


Ualno J 2 lr arcath- 
Inc on-lnc‘ 0 , wo can expect 
substantial increases in the 
payload ratios in the future, 
if the additional masses of 


k 

% 

i 

htililiJUt* 

mhaitftti, 

m 


the propulsion unit are 

n 

atmosphere 


split off at the edge of the 


I’he previously men- 
tioned improvement possi- 
bilities are found a^ain in 
the results of studies 
performed recently. Ihe 
values shown in ?ic. 3-3 
for Saturn V and space 
shuttle show the price 
which must be paid for 
rousins the vehicle and 
returning it for addi- 
tional missions, and the 



i-’iS . 3*2; 


of possible payload cdin 
using air-breathing propul- 
sion for the first stages of 
space transport vehicles. 

1 - payload ratio j 2 - lower stages for 
space transport vehicles; 3 - coin in 
savload ratio using air-breathing prepu*- 
sibn; ^ - rocket payload ratio; 5 - air- 
breathing propulsion. Additional mass 
ratio; 6 - rocket structural mass ratio; 

7 - rocket; 8 - equivalent exit velocity 
ratio. 


cost for horisonsal land- 

s. "he curves of constant payload correspond to the fou: 


4 


.on£ 


defined by NASA. The improvement suggestions can be found along this 
lino of the shuttle payload: according to results which have been 


Ij i j , 

W M w W V* 


lly generated by NASA Langley , VTOIIL launch vehicles can be 
reduced to about sC:1 of the mass of the present shuttle vehicle vrith 
a simultaneous reduction of the number of stages to 1, if mixed mode 
propulsion systems (No. 2 in Fig. 3-3; details in Table 3-2) are usoa 
in conjunction with advanced lightv/eight structural techniques 34]” 
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Pic- 3-3: 




Gcnceptual carrier s^'wtc-r.y for the four payload ranyoc up 
to 90C tens csof fnoa 'ey *%7»d/i! payload fraefciori ao a func- 
tion of take-off v.-eit'nt (GLC7), (x; existinc ’‘/TC-ic'/icoL: 
for oo!r;pariccn, nur.bers above points; runninc nut:’oers 
Table 3-2. lumbers next to or belcv,' points; nurr.ber o: 
stayes n, singla-stase vehicles without indioation of 
sta£;e nur.ber) . 

1 - payload 


and central conficurations, (Hef. 5; CCV devicec are lighter if 

ono drops the requiretient for wideband flight stability. The otabil- 

ity is produced v.-ithin narrow litiits using cor.putor controlled devices 

Hcrisontal takeoff vehicles could be Tiade even lichter, but then re- 

quire a rocket sled as a launch aid [9, 103 . Even if conventional 

tochnolocy is used, a HTCL launch vehicle with two turboair Jut 

bcostors is oven lighter. When it reaches Xach 3.5, it is detached 

av asouw le krn alt^.tucie and these arc brought bacx Just j.ixe i'.Pls 
- - ^ 

[11 j . Assur.lnc advance construction techniques, and rar.Jet propulsic 
oysteciD 'With supersonic co.T.bustion, the payload of thesw- lau.'..-h v....icl 




it 


This refers to the nur.ber in Table 3-2. 


DHIOINAL PAG^: 
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•^ncroauwj 29. ‘3 to 62 t.ono [123 • 


For tlio payload ranjc abovu the- ahuttlo, the V*OYL atuciloa are 
ir.oat nur.erouo 'in numhor. VJe oxpect that in individual oteps the orbi- 
at v.*ell as the booster of the shuttle v,'ill bo chanced and there- 
fore payloads of up to over 100 tons per flight v^ill bo transported 
[7., IS, 19]^. Those launch vehicloc will then bo used to an increas- 
if.C decree I'cr space near the Earth up to GEO. On the other hand, 
the dovelop:;.cnt of very heavy launch vehicles depends alrcoct entire- 
ly on the decision about energy satellites in the space industrializa- 
tion and colonization. Kero acain there are conventional desienc 
(for oxarplo, 21: the Koptune concept)', advanced dosiens (2^: mixed 
r,;odu)^‘ and optimistic desiens (17: CCV deoiGn)^ Air breathers pro- 
vice the hichest payload fraction (27: rocket v.’ith non-conventional 
nozzles and ramjet propulsion v/ith external hydrocon combustion undur 
supersonic conditions)^. Which of the advanced technolocieo will be 
used W'ill finally be decided by other questions, including cost effec- 
tiveness, v/hich depends greatly on the frequency of the flights. 


— Kigh energy and advanced chemical rocket fuels 

In addition to the present advanced technological concepts, 
discussions are continuing on the use of fuels with a higher energy 
content. For launch vehicles it is clear that the known possibilities 
of metal combustion (in Triergols) and the replacement of oxygen- 
based oxidizers by fluox* oxidizers will not take place because there 
is not cost effectiveness and because of environmental reasons. Ac- 
cordingly, LOX/Hg will be the combination with the highest effective 
specific impulse for launch vehicles. 

-- Kon-ccnventional fuels 

In addition to air breathing engines, only on conventional 
fuels, excited species, radicals and similar substances are possibcli- 
t'ies beyond the ones discussed above. This is because non-chemical 
propulsion can hardly be expected for the near future. 


Such fuels will certainly revolutionise the tecr.nc.^cg.7 ci 
launch vehicles. This would mean that exit speeas of up to r.;/: 
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TABLE 3-2; Launch vehicle concepts 
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- Boeing KLLV V7inged; 


- combustion; ^ - aircraft; 5 - 117 m hlgh,D?2T 

- Koelle study; 28 - Boeing HLLV ballistic; 

30 - 1st stage 
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could bo achieved with of ato:nlc hydror.on in norir.al hydro, '*en 
[ 213 . If pure atomic hydrogen wore used, one could even reach 
20,000 m/s. HydroL’:en and ammonia in the metcllic state also reach 
the same value. Theoretically, these could be produced with a lar^e 
enercy supply at high pressures and extremely larce magnetic fields. 
One could reach values of up to 30,000 m/s for excited states of 
helium, so-called helides. The payload fraction.^ of such fuels are 
obvious. This would mean that a VTOVL-SSTO transport vehicle could 
carry 3629 tons of payload and GLOW could provide 200 tons of pay- 
load in LEO Cl]. Controlling these extremely sensitive materials 
and considering the fact that their manufacture will require break- 
throughs in low temperature technology and magnetic field technology, 
however, means that they will be developed in the very distant future. 


3.2 KICK AND TRANSFER STAGES 

The most important existing upper stages or those which are 
under development or being conceived are the perigee and apogee kick 
propulsion units. The kick stages and the modules are shown in Table 
3-3. Except for Centaur and Transstage, most of the units of this 
category use solid fuels. This is because for the same structural 
mass they give much higher overall impulse (see Pig. 3-^). According 
to a contract of the USAP for the development of upper stages for 
the "Space Transport System" (STS, Space Shuttle), solid fuels will 
be used. Three axis stabilised modules weighing 2700 to 9700 kg w^ill 
make up ohe Interim Upper Stage (lUS) in one to three stages. In addi- 
tion, SSUS - A and D will be used and spin stabilized for the payloads 
previously transported by ATLAS and DELTA (see Table 3-^) • 

The trend to liquid propulsion systems, however, is also clear 
here. In the range of medium energy fuels, for the Jupiter orbit er 
GALILEO, a spin stabilized propulsion system based on the SYI'CPHONIE 
technology is being developed. No solid fuel system v;ould have been 
capable of providing pulses which are finely structured over many in- 
dividual propulsion periods. 
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TABLE 3-3: Selected propulsion systems of kick stages and upper 

stages, retro-propulsion systems and propulsion modules 
1) under development, 2) concepts 

3 - Marne; - Upper stages; 5 - fuel; 6 - axes: 7 - solid oropellant; 
8 - retro-propulsion units; 9 - propulsion modules 
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Pic. 3-i): Existinc conceptual propulsion systems for transfer 

St aces and kick staces, retro-propulsion systems and 
controllable upper stages ; total impulse as a function 
of structural mass. 

1 - solid; 2 - liquid; 3 - axes stabilisation; 4 - liquid: 5 - sol 
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TABLE 3-ii; STS upper stapes and advanced OTV concepts for 
LEO/C-EO/LEO transport. 

1 - nar.oj 2 - fuels; 3- tot; 4 - stage; 5 - colurji; 6 - storable 
in space 


The development will go from this space storable combination 
to hsl/ or completely cryogenic systems ^ LOX/KMH is suggested as a 
fuel combination [Id] and LOX/H 2 will certainly be used in future 
"Orbit Transfer Vehicles" (OTV) [173. One of the engines with pump 
propulsion is the "Advanced Space Engine" (ASE) [22] developed by 
Rocketdyne. 


h‘ ' ir>* 


3-4 shows that advanced design concepts will lead to the 
expectation oi’ structural factors just like for solid fuel propulsion 
systems. In the range of the m.aximum total im.pulses, such as are re- 
quired for LEO to GEO and back, the mixed mode principle could also 
bo used to advantage for marginal missions [loj. The total cowto Tor 
meeting a given transport task vrill also decide v/hethor sucn i^LC/O^C/ 
LEO single stage vehicles vjill be used, or whether non-reusou.blw 
machines v.»ill be used entirely or partially. Ax’ter using LOX/H.* Tor 
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«k>i«w«V uv*>4j|^,WM^ *vj*m3JV u w V,. Wl m»» V * vl«W V * »ri w •*• v t«: Wa « vW .U* x • 

w il 

";;ia \voula i:vwan that thvi siiauii cf tcchaolo.*:^ of fluor propulMion 
syjijon^ would bo ucod for a pracblcal purpouo, Tbo uuo of fluor 
in lar;-:o ar.;our.us (ouch an in roQuirud for hlifn ijobaX iwr.u' .•^o) , how- 
ovor, iG doubtful. Instead, wo expect that it v.'ill bo usod for 
missions with somewhat reduced propulsion requirements ( 2-5 Mis), 
for example, planetary missions. Here we will v.’ait to see whether 
the AAfA-flnanced J?L development of a F 0 /N 5 H 1 : propulsion system 
is successful or not. In addition to a very hich specific Impulse 
(cue Table 3-'^), this bimodal syste.m has the advantace that both 
the main propulsion and the attitude control system i-s supplied 
only from a single fuel tank. Also, two thrust stases (monercol 
with dier^ol with required for trajectory 

correct iohs and retropropulsion, and this requires only a sinclo 
ennino. Summarisinc, we can see that hich energy chemical fuels 
will soon be used for deep space missions (hich Av) . 


3.3 PHOPIiLSXOX SYSTEMS POR ATTITUDE CONTROL 
AND TRAJECTORY CONTROL 

The rocket propulsion systems used for attitude control and 
trajectory control are often called "secondary propulsion units", 
because usually they are installed in addition to a main propulsion 
system. Compared to the engines of launch vehicles, they provide 
a small Av velocity increment or total impulse and a low characteris 
tic thrust (see Table 3-5). 


The thrust range given in the table shoves the typical design 
range of chemical propulsion systems for attitude control and trajec 
tory correction systems [ 31 ]. In some cases there are substantial 
deviations. For example, for the nutation damping of INTELSAT V 
(communications satellite), 22 N thrust engines are used. If the 
electrical propulsion is used, to be discussed bolo’w, for trajoctary 
control, the engine thrust has values in the range of a few mN, 
engines for attitude control and trajectory control of manned sr ace- 
craft in future space transport systems occupy a special position. 
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TABLI 


3-5. Typical desicn rancos and requircr.ents of attitude con- 
trol systems and trajectory control systems for satel- 
lites . 


1 - attitude control; 2 - trajectory correction; - require- 
ment (m/s); 5 - total impulse I^^^(Ns); 6 - thrust; 7 - propulsion 

type; 8 - number of pulses; 9 - pulse duration; 10 - minimum impulse 
(Ns); 11 - electrical energy requirement; 12 - neglicible for chemii- 
cal propulsion. 0.1 kW up to several kV/ for electrical propulsion. 


1) Space shuttle orbiter 

2) m.anned space vehicles 

3) P pulsed opration 

D continuous operation 


^) Desaturation v/ith electrical 
ion engines 

5) electrical propulsion 


Their thrust level extends into the kN range. 


OIUGINAI. PAGB IS 
OF POOR QUALITY 


In addition to the general requiremients known from the m.ain 
engines, the requirements I'or high reliability, lov7 weight, small 
dimensions, etc,, which also apply for trajectory concrol and atti- 
tude control systems, according to the preceding table there are a 
number of other requirem.ents , This includes pulsing capability, high 
num.ber of pulses, variable pulse duration of a few mtilliseconds up 
to several hours, good reproducibility of the thrust profile with 
low ignition delay tim.e, low thrust buildup time and decay time of 
a few miS. The long activation times of the thrust nozzles can occur 
for attitude control purposes during so-called desaturation maneuvers, 
especially when electrical engines are used. Sr.ch maneuvers are re- 
quired for attitude control systems, angular m.omentum. storage devices 
(angular momentum wheels, reaction flyv/heels, moment torque gyro- 
scopes) and angular mom.antum generators. In these cases, the influ- 
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4 


cnco of dlotiui’blnc*. r.o.’.xnfvu on v';e nntcSlito orlcntaiiion in Gw:;.i>L-n- 
sated first by an ai'c.uiar mn.cntur, storane uevice. I'hu un.,:uinr 
jr.oir.er.tuir. aceuir.ulated over* is iv>n;ovcd durirn: a desatu?atit.n 

laaneuvcp by activating the thrust no'sules. '“he requirunent for 
t*<e K fiUi * 0 at • ceSa.bu.e tiin-i.iuU<<i 4.inj.'Sasc {inipuise bit) of the actuator 
oyster., which is viue to attitude control, requires a favorable fuel 
consurption for stationary operation (lir.it cycle) durinp the r.ission 
phase. Awiviitional criteria for selecting the propulsion systen; for 
attitude control and trajectory control include environr.ental co: 
u exhaust p.as properties. The f’uels r.ust be storable for 




4 4 *^ 1 ' 
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3on;l tires (r.issions of up to 10 years!) and over a v;ide te.rperature 
ran^e in a aero ^ environr.ent , and the decassinp. losses and leak 
losses r.ust bo infinitosir.ally sr.all. The fuels or their cor.busticn 
products r.ust not falsify experir.onts and r.ust not precipitate onto 
the optiocil surfaces in valves or nossles (for exar.ple, attitude r.ea- 
surer.ent sensors). Also, solar cell decradation should be avoided 
and the therr.al balance ox' i.pacucraft must not be influenced 
v.'hen there is a dejjradation of the therr.al control surfaces. 


I'kiny of the fuels often used in primary propulsion systems 
do not satisfy these requirome....s because they are not storable, 
have ignition delays or other difficulties. They cannot be used 
for attitude control and trajectory control. The propulsion systems 
developed for this can be classified into solid fuel syste.ms, liquid 
fuel systems, gas systems and hybrid and electrical propulsion sy- 
ste.r.s (see, x'or example [323). Solid fuel systems can only be used 
in individual cases because of the fact that they cannot pulse, and 
in spite of their good storability characteristics. In these cases 
they are used as sublimation propulsion systems for controlling spin. 
Then there is a small propulsion impulse requirement, cola gas sy- 
stems are used which lie in the lower range of the performance spec- 
trum but show' weight advantages up to about 
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Z^'or larger propulsion requirements, for example, the important cla 
of geostationary communications, navigations, or weather sat 
the hydrazine liquid system has been used as the standard propulsior 
u n 1 . 
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In future high perfoi'mance satellites, the use of a hvd: 
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in^: to 3 - 5 , Thoao v;lll 
i'oqui 2 -*o lone riission tiinus 
of IQ and rr.oro yoars for hly/n 
accuracy requix^OKonts for 
r.aintaininG the aneular atti- 
tude and the position [333. 
*nc‘ use Oj. a hiehor perforjt- 
ance tv.’o uatorlal system com- 
pax''od, v/ith tho hydrasinc sy- 
stem only results in a clieht 
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in;proveinent . Cn the other 
hand, the use of electrical 
ion propulsion (for example, 

HXT-IC), with a specific 
impulse of 1^ =; 3000 s, an 
orcer of rnaji^nitude larger 
than tnat of chemical pro- 
pulsion systems, results in 
a substantial weight savings 
of tne propulsion system, 

propulsion includ-7 - propulsion; 
ing magnetic coil attitude con- 
trox systems are discussed in Chapter k, 

approxlaate propulsion roqulreisont for 
^ ..„Uuo oonurol (LR), east-wos; translation oorreotlon (0/V) 

tM. angle correction (N/S) fo'« a 7 -va-v, ^ 

,, ^ ^ ^ /-yoar mission duration of 

a geo..a.xonary catollito weighing lOOO kg. 


or the pror.ulsion 
.V m t,,.. ...viss* and its v.eight fraction on 
Pifopulsion capacity for a 1000 kr 
satexl,i.te (note that B.nr\r>-^vivi'i*‘Q 
sponaence of and wo^.v,- 

“ "’to*" ^ * 

1 - ooxd gas system according to [301: 

2 - hyarasino system ( 1 ^ = alo s) 

dry weight flight IN'lSlSAT V 
0 - two material system (I^ = 2o5 s) 

k - electrical propulsion (l^ = 3000 s) 

dry weight according to [ 30 ] 

5 - propulsion; 6 - satellite mass; 

f - OX'Qnw l rH nn . T M. V, 


’’'or the electrical actuating system, 
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i propulsion ho'/c cx* 


Cr. vlio ouhor hand, tho cCuctrica 
tremu perforjr.iU.ea lir.itatJions, at leaut as eor.coived tcaay. 7ne 
specific perfoi’niances of the cnorf.y supply installations «.*es -n 
the ranee -0 - 50 W/ke and in the near future it will be a jnaxiir.ujr. 
of 100 - 200 V;/kG (see k,l). 

The specific porforitanee oecroases to asout or.e**fourth *or 
the engines and the enercy conversion. Today the projoeted electri- 
cal propulsion modules will achieve about 8-1^ V.Vkg referred «o the 
cross weight. For comparison, the specific performances of the 
larcest chemical propulsion stages are about 2,000 times as large 
(up to a lift-ol*f weight of 2.5 x 10 W/kg) . 

The jr.aximum possible specific thrust for the electr^ca* sy- 
stems is also very small, so that the achievable accelerations lie in 

the range 


v-5 


- 2 X 10 


-ii 


This means that in the near future 

1. these propulsion systems can only be used from 
a parking orbit. 


2 . 


in order to reach a typical dv value, relatively long 
acceleration times are requ.lred, typically months or 
years, and 

3. for many typical flight missions, for example lifting 
Earth satellites from a low orbit into a synchronous 
orbit, electrical systuir.s will have a higher propul- 
sion requirement ( dv) because of gravitational looses, 
compared with chemical or nuclear-thermal systems with 
a higher acceleration. 

For very complex missions with a high propulsion requirement 
ind long flight paths, for example flights so she ousur p-anvte, 
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'frn^ootor^^ control of synchronous satellitos 
with a lon^: llfetirno (iv 350’- 500 t;/s): 
Ion ana pulaod plasr.a oni^inoa. 
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Aiasiona with a lar<ie propulsior. roquireinent 
(interplanetary nisylonOj cojtot probes, "sratplo 
return", solar-polar-misaion, etc.)> which can 
barely be carried out with chetiical rockets or 
not at all; approx. 10 - 100 k¥ solar electric, 
ion encines, 25 kW SS?S, kW extended perfor- 
tiance SE? thrust systenn 

.Dra «3 cempensation of satellites near the Earth: 
nuclear electric, 

Interorbital traffic LSO-GEO and back for trans- 
portation and r.aintenance of Earth satellites 
(0*V); iv «. 12 - 16 kti/s, 25 kV* SEPS, 


6. Ira^ectory lifting, position chance, trajectory 
control and attitude control of x'’uture satellites 
(r.ultipurpose platforrr.s, powersat, fabrication 
satellites, etc.): k’,v - ranee, ion or plas.ta 
(E?E) engines. 
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thrust of electrical propulsion systor.o is not critical , In these 
cases, the specific Impulse of electrical (ion) or.^,ir,Qz is at least 
one orvjer of rsapnituvic creator than for chemical systems. As the 
satellite weicht increases, this leads to weicht advantaC'^'S (see 
^ip. 3 “ 5 ) even for relatively small values of iv k ICCC m/o. In 
addition, the low thrust of the encine (mP) la acivantacdous heeausi 
durinj the trajectory maneuvers the attitude control is only dis- 
turbed sliphtly because of the smallness of the perturbinc propul- 
sion torques. 
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propulsion systems can be estimated from the followinp diacram 
(Pic. ^-1). This shows the relationships between the optimum enit 
speed and the propulsion requirement as a function of payload frac- 
tion and stfv*.cture weisht fraction ^‘sls “ '^l + 'ng) and the required 
speolx’ie energy of the propulsion system at. Since the spo-'iific 
performance a is limited, at is a measure for the propulsion time t. 


nd therefore the minim 




: time. This a contains the Iccsus 


of the oncineo and the enercy conversion. The values shown fellow 
from the Tsiolhovshi equation which has boon eptimisod by Lanemuir- 
Irvlnc Lot 2 and Stuhlin 
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C^urater spe? Irr.pu'.'. 



Relationship betv/een effective exit speed c^, 
'optimum propulsion requirejnent 
specific energy ar and the sum of the payload 
mass ratio and structural mass ratio 
for optimised propulsion system.s. 


- optimum snocific impulse; 2 - most important c_ 


ioni 


plasma engines j 3 - optimum exit speed; ^ - trajocbory control; 

5 - propulsion requirements; 6 - Earth-int crorbital transport; 

7 - comet rendeavous; 8 Ion engine; 9 - MPD plasma; 10 - colloid; 
11 - electrothermal light arc res is to jot; 12 - 1 yr. for as30V//kg 
13 - t " 1 m.on. for a=30W/kg ; l4 - t = 1 day for a = 3G.W/Ks 





thru at t'.aaa . 


Application of thiu opti;r.iuaticn procoduro to flisnt r.^so^onc 
ia therefore: very bacauao in practice first of all the specif 

perforiT.anous a usually vary during the flicht (distance to the sun), 
and secondly in practico the thrust as v.’cll as the exit spoed v;ili 
vary during the flight (just like for chemical and dual mode nuclear 
propulsion systems). Thirdly, the payload will differ for the out- 
bound and return leg of the flight. 


In spite of this, this rough optimisation gives a good over- 
view about the general relationships, especially for the upv/ard and 
dovai’ward spiraling of LEO - GEO - LEO, v.’here t also represents the 
flight direction. Prom the diagram in Pig. ^-1, we can see the 
follov^ing trends: 


1. VJith an electrical stage, one can achieve almost 
arbitrarily high velocity values even with good 
payloads (for example, Av = 50 km/s) if sufficient 
time is available (for example, for research mis- 
sions with unmanned probes). 


2. Por each given mission (tv) , payload fractions can 
be traded off against time. Por example, for 
satellite lifting LEO - GEO* tv z ^ km/s, v;e find 
that ■*'^3 “ ^*25 for one month or 0,75 for one 
year, for specific impulses of 950 sec, or ^500 sec, 
In the first case, the fuel consumption is much 
higher and in the second case the flight time is much 
higher. 


3. Tho shaded band shov/s that for a relatively small 
range of exit speeds (about 20 - 80 km/s) one can 
satisfy a v/ide range of flight missior.s, from av = 
500 m/s for north-south trajectoi'-y control up to 
very high energy planetax»y probes v;ith Lv > 50 l;„/i 

Por a synchronous satellite the mass fra- .ion for 
the entire propulsion system is about 3 - Si, 

and for a probe it 1.,. more like 75,5. 

ill 


The dS.ar,rari also shows tho times t for 

a Given speciric porformanco (a *= 30 W/kg), For 
constant payload the propulsion times increase 
according to (av)^ as expected. 

Tho following are important for evaluating, selecting and 
cost optimising electrical propulsion systems, in addition to the 
payload fraction and the flight time: 

1. The electrical energy supply installation often 
is counted as completely or partially payload 

at the point of arrival or also in bctv;een (power 
sharing). This means that the effective specific 
performance of the propulsion system is increased 
by about a factor of 2 and the cost fraction de- 
creases. 

2. For repeated flights (interorbital transport), the 
higher initial costs over many flights and the lower 
fuel mass v;hich has to be transported into LEO become 
more important factors. However, the flight time 
also becomes Important, oecause the number of units 
for a given yearly transportation mission is deter- 
mined by this. Therefore, the chemically accelerated 
.return flight of empty electrical "tugs" can be con- 
sidered. 

Since the performance limitations of electrical propulsion sy- 
stems depend so strongly on the energy supply units in space, we will 
now give a short summary of them. 


^’.1 ENERGY SUPPLY INSTALLATIONS 

The availability of electrical energy on the space vehicle is 
a requirement for any electrical propulsion unit. Depending on the 
thrust requirement, it is between several v^atts up to several KN. 




?iG. ^-2. Kot'nods Tor convortinc primary encrcy into 
olectrical current. 

1 - Primary ener^yj 2 r. solar onercy - nuclear onorsy - 
chemical onercyi 3 - heat; ^ ^ dynamics - static; 

5 - photooffect'- - turbom.achine Generators - 
thermiOelectric - thermionic - batteries fuel cells; 

0 - electrical energy. 


The production of electrical energy in space vehicles can be 
done in .many ways. Pig. -2 gives several possibilities in the form 
of a block diagram. 


Two basic types of energy supply installations m.ust be dis 
tinguished : 


a) the energy source is carried along, 


b) the energy is introduced from the outside (up to the 
present time only 'in the form of solar energy, later 
on possibly using laser radiation or m.icrowave radia- 
tion from the ground or satellite generating stations). 


The conversion of primary energy into electrical energy is ei 
ther done directly using the photoeffect in solar cells or chemical- 
ly-electrically in galvanic elements (batteries and fuel colls). Cr 
this can be done indirectly using thermal energy. The conversion of 
heat energy into electrical energy can be done statically using 







Pis* ^"3; Specific performance of enersy supply installations for 
space applications [37 - ^0] (alpha here refer to the 
mass of the energy supply Installation). 

1 - specific power fx [W/kg] 2 - electrical power; 3 - solar power 
plant satellite (2000); - JPL studies 


thermo elements and thermionic elements, or it can be done dynamic- 
ally the kinetic energy making use of MHD generators or turbo- 

electrical heat machines. For example, there are gas turbines (Bray- 
ton processes) and steam turbine processes (Rankine cycles). 


The waste heat must be removed in every case using radiation 
coolers. In these systems, the energy converters have to be carried 
along and this limits the specific performance of the system. Only 
tv.’o candidates have been accepted from many possible concepts for 
propulsion energy supply units for the near future: solar cells and 

nuclear installations (radioisotope batteries (RTG) and reactors). 
Chemical energy sources cannot be used as primary energy sources for 
electrical propulsion because of the low specific energy. Chemical 
batteries and regenerative fuel cells are used in solar installations 
as storage units during dark periods. The reasons the other possible 
systems are not considered is because of the simplicity of maintain- 


ir 

A 


the systems and the proven 


itime as v;ell as the exceptional 


improvements in solar cells as far as weight, efficiency and costs 
are concerned. These will be reduced even m.ore in future mass oroduc- 


iji; 


^higtnal Page ta 
OP POOR Qvfim 



i 


t-.onu wj’ .:uvoral ordora of r-.a-^nltudu. In aadiolon, photovoltaic 
inatallationo du not roviuire thu vary accurate parabolic jrdrroro 
required for color -vhernu-il Inctallations, nor do they have to be 
exactly aliened towards the sun, which places severe requireir.entc 
on the attitude control system. 


Pic* ^-3 shows the specific performances as a function of 
performance for such installations, for present day and future con- 
cepts. V.’e can see that based on the requirement for a hich «, 
only solar installations are candidates for propulsion today. In 
the future, nev/ly developed reactors will be more favorable for 
many propulsion tasks, because in addition to their specific per- 
formance they are independent of the solar radiation density, in 
other words they are independent of the dark periods for Earth 
satellites and for planetary missions far away from the sun. 


For the far future, we can distinguish the follovring three 
ranges [40, 4l]; 


1. Solar cell installations up to about 100 kV/ (500- 
1000 m ) for the region near the Earth and for re- 
searching the close planets, comets and the sun 
(SEP, Pig. 4-5). 

2. Nuclear installations above approximately 100 kW 

to several MW for large satellites and large propul- 
sion tasks in interplanetary space. 

3. Solar energy satellites in the gigawatt ranee v.’ith 
electrical propulsion in the megav;att range for 
trajectory and attitude control and transport. 


4.2 


:CTROSTA'IIC ENGINES 


In these engines the charged particles are accelerated in an 
electric field which is constant in time. In order to avoid satell: 
charging, the jet has to be electrically neutralised by means of an 
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of thv. 


lilooti’ootatic oiv.ir.eo differ oscentially in the production 
iono or chai\:od dropa: 


Dii'c-et current p.aa diacharco 
with elootredoa (oloctron 
collision ionisation) 


Kaufman ion 
oncino 


Alternatinc current .pas dis- 
charge without electrodes 

Radio frequency 
ion engine 

Duoplasmatron lipht arc 

Duo Plasmatron 
ion engine 

Ionisation of cesium on a 
hot constant surface 

Contact ionisa- 
tion engine 

Pield ionisation on sharp 
wetted edcoB or tips 

Field em.ission 
ion propulsion 

Charging of droplets on 
oaoillary tips or edges 

colloid engine 

In the first three engine types, 
produced and the ions are v’jxtracted and 
ones the ions or charged droplets are pr 
are accelerated. 

first a neutral plasma is 
accelerated. In the other 
'oduced on a surface and 

The comparison parameters and their possibilities of improve 
mont are the following: 

1. Lifetime 

Reduction of the 


<WK V» < »r. ,« 

j, -iL- U j. tekte. ^ j. v«» w 

troll vat pr 'll 0 C'li t 
o*"£^oa) —.n i'W 

avora ^jr^.a ci’cs—c.’’. 
after charge ciwoii.i.;-c 


K6 


fo in 


W • 


Reliability 

Hfi'iciency 


Current density 


Concept sisr.plicity 

6. Overall system weight 

In addition, we have, depending 

7. Switchability 


S. Fuel compatibility (for 
large thrust, near the 
Earth, OTV and largo 
satellites) 

9. Satellite compatibility 
(especially for scientific 
satellites) 


Ground teats and 

•* fw f* ^ /%**+■ r* 

■it **« *in ^ W W w i# fcrf 

Heduction of the 
recjuired energy 
(200-C00 eV/ion) 
of the neutral gao 
fraction and the 
velocity distribution 

Increase of the suc- 
tion field strength 
for a specified volt- 
age 

Direct field omission 
of the fuel 

Simplification of energy 
conversion installation 

on the mission: 

Reduction of heating 
times (for attitude 
control) 

Argon, xenon, nitro- 
gen, glycerin as fuel 


Electrical and mechanical 
shielding 
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In most ncv/ evaluation 
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on^^ines or* r 


udic- 


frequoncy encines ai'o selected. Lirotimec 
have boon d’cmonatratod in c^^ound tests and 
ble (additional date in Table 4-2). 


of up to 15,000 hours 
20^000 hours arc possi 


Since 1962, at least 13 flic^t tests v.'ith ion enf, ir.es have 
been carried out. ?:ine Cs contact ensines, 3 Kc- and 2 C„ electron 
collision ion e.neinos have been test flown in 9 flight tests in the 
USA. At least 4 ballistic flight tests with electron collision ion 
ensines v.'ith Ar, and air have been carried out in the USSR. Sever 
al of tho.T. were successful and demonstrated the followino^ 


1. the expected thrust, 

2. complete neutralisation of the jet (no electrical charcinc 
of the satellite was measured), however, they v;ere un- 
expected difficulties during the operation in the gravity- 
free space. 

In the case of the Kaufman engine or electron collision ion 
engine, the ions are produced in a low pressure gas discharge and 
are sucked away in an electrostatic field betv;een the discharge 
vessel and the acceleration grid, and then they are accelerated. 

The development time up to a useable unit amounted to 20 years. 

In 1977, a comparison study betv^een solar cell and the electro 
static propulsion led to a clear recommendation for electrostatic 
propulsion. As a consequence of this, NASA now is supporting a long- 
ti.me low thrust system. In the 1979 budget, there is an item for 
the initiation of an electrical primary propulsion syste.m for KASA/s 
planetary exploration program. 

The data of the Kaufman oingine selected for this [45] are 
the follovring: 


Specific impulse: 
Thrust: 


5000 3 

225 mN 
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Fic- Kaufr-an onciae (Kuches) 

30 cm diar.efcer' 


Pis. ^-5: Propulsion unit of 5 

standard r.odules 
25-50 kW SH?S 


Perforr.ance : 
Spocific weight : 
Engine diameter 


kW 

li| kg/kW 
30 cm 


Fig. shov;s previous models of this motor. 


Each of the tv;o selected 30 cm engines are collected into a 
propulsion module together v/ith an energy conversion unit system. 
Depending on the flight mission, several modules will be put together 
into a propulsion stage [^4]. As an example of an important mission 
for such a concept, we can consider the rendeavous v;ith the comet 
I’empel II. Pig. shows such a propulsion stage with 10 engines. 

For flight tasks in the far distant future, engines v;ith diameters 
betv/oon 50 cm to 150 cm have boon tooted. [^l6] gives a parametric 
study on ion onginos of various sizes v/lth different fuels. A 50 cm 
diameter engine with mobile gas fuels is suggested as the cost optimum 
solution, from* m.any points of view, and as the next stage of ion en- 
gine devolopm.ent , 120 cm engines (l£n kV/) using argon as a fuel are 

being suggested for transporting power plant satellites [93J- 
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?ic* Kaufman c*r.-"ino syatom 

(8 cm aiamauur'j, liucKua) 
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In the sacoi.dary propulsion system area,, K-nSA's coal is to 
develop and fllj^ht qualify an 8 cm Kaufman eingina system C^7j 

A fliQht test is planned from the shuttle in 1981 and on the 
Air Force satellite S'!? ? 60-l. 

In 1082 and I 983 , only five satellites are possible candidates 
for usini this secondary propulsion system. However, it would also 
be suitable for stabilisinc larce space stations such as the geo- 
stationary platform. 

Ihe data are civen In Table 4-2. 


In dermany, a radio fi’aquonoy ion ennine, the EXT 10, is bein.,: 
developed by the University at Giosson in collaboration v;ith the DPVLB 
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done in a hich frequency cos discharce without an olectrov.*--, tl.l., 
propulsion system is at the present time in the final staje cf v.»- 
volopment and is undercoinc lifetime tests and flicht ccmpv.v.lbil L.y 
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ble to ccr.paro the weicihts of the cor.- 
ponents v.*itn those of the nUi^hos s ett encine systeit. 
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Fuel supply tank 
Fuel 

Snercy conversion 


2.3 kg 
1.5 kg 

2,7 kv. 

5.4 kg 

10,1 kg 


4.4 kg 


O.S kg 

5.0 kg 

7.0 kg 


25,0 kg 17.2 kg 

A/tiSia— 4— it ViGi.jjnt co”ipars.son of tiie totau. hushes 


8 err. and RX'f-10 systems. 


'^he table clearly shows the o*oat proportion for enorcy con- 


version. 




as with 35 cm diameter acceleration c^’i^s (FIX 35 


Hlf 35 L) are boin=“ developed as HIX type main enitines. Xhese orcine; 
have performances between 3.2 and h. 5 kW for a thrust between C.l^i an. 
O.S k’. Ko and later on Xe are planned as fuels (see Table l-l). 
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:auf.man online is planned in tests for 
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tier, er.{*ir.e, but wus civen up iatc-r or. (sou ^*ablo ^-2). 

?iu*d ur.iusior. propuIuioK ia u.iaeir.piicatcd uluctrical 
Bion r.ethad, which eKp«l8 z^tdl ions with u rt*Xativeiy hi^h apeud, 

A lurga voitacu ra’oauoes $ hi^h oiectrioal fi^-ld aloK^ a aharp edt't*, 
which ia v.vtsad by a XifiUid r.ctal. *he surface of tho r.avaX (for 
uxar.pXe cesiur.) is dcforsr.od into s?r,all noadXea in this fieXd. At 
the tips of these noodXos the fiuXd beco.T.os so stronn that the .T.wtaX 
ions aro torn c'ut directly and are accoXorated (I*’ic* ^-3). 


FieXu er.issien propulsion v?ith Os is being developed essen- 


PPA LH‘dj, which has decided on the dovelopssont program 


up to the end of I 9 S 3 . 


In conjunction with this, the University of Stuttgart is per- 
basXc resci 
mercury as a fuel. 


foxn.'.ing basic I'esearch on a field emission propulsion unit with 


Colloid engines were developed at TK,< and other USA research 
laboratories and in Europe at the ESA. However, they were abandoned 
because of their low specific impulse. (Coday this concept is being 
developed further by Phrasor Technology at the request of the U.S. 
Air Eorce. 


The following Table A-2 gives a summary about the m.ore recent 
olectx*ostatiG propulsion unitf of western countries. Sven though 
Cs contact ion engines wore first developed in the USA and were used 
the m.ost in flight tests, they are not shov/n in this table. Develop- 
m.ent on them, ceased at the end of the 60 s. 
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— well auivOd i^or pulsed oper- 
ation 

— sijripiicity of the total sy- 
stem: (no eneroy conversion) 

— hlj^h reliability 

— hlG'n thrust density 

— high state of develop:nent ; 
flight tested 

— high efficiency (70-80}'^) 
for stationary operation. 

Disadvantages : 

— lov/ specific impulse, limited 
NHg, o7’0 s with K2) 

— low lifetime 8,000 h 



ig. 4-9: Pulsed NK« resistojet 

(AVCO) 

by v;all temperature (320 s v/ith 


Docause of these advantages, these engines were used for 
attitude control in the early 60s and successfully over a dozen 
Vela satellites (see Pig. 4-9). 


The data for the system are as follows: 


Input power 6.5 W 

Thrust 133 445 1.3mN, 

Specific 

impulse 150s, l80s, l80s. 


4 . 5 mN 

1. 6 5 s 


Because of the high thrust density, resistojets \7ith a 3 hi' 
input pov;er are being built both in England and at Marquardt in the 
USA. Hydrogen is being tested to increase the specific impulse. A 
specific impulse of 670 to 800 s, a thrust of 0.65H and an effi- 
ciency of about 77 /j has been achieved. Storage problems for hydrogen 
are one disadvantage. 


Today the development 
zine propulsion (HiPEHT) Pig. 


is concentrated on electrothermal hydra 
4-10, Hydrazine (N5K1,) is stored in 
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liquid form und decays Into a 
liiiAvUre of A ■ 1 > iio and in a 

do lea ^ 

heatinq cha;nber when ’jhcre is a 
platinum, wire net in it. *his 
r.ixture iG then heated in the 
following vortex heat exchanc^r 
to 20 C 0 °C and then io expelled 
to a noGGle [ 50 ]. 
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Pir. ^“ 10 : Electrothorital hydraGine 

propulsion (KiPSH'T) 


In the USA this type is beinc developed by I'RV' fov Comsat's 
Intelsat V: 


Specific impulse 


Thrust 


Specific peri'ormance 


220 s without heat exchancer 
heat in G 

330 s with " 

180 - ^50 mN 
1.3 W/mN 


In Europe, ERNO under contract to the ESA and the Gfw is w’ork- 
inc on the electrothermal hydrasine enGine (EHT) [ 9 ^]. fwo encines 
have been developed: one for the thrust ranGo 0.5 - 2 M and one for 

O.OS - 0.35 N. The desired specific impulse is 300 s. 


A v.-eiG'nt comparison of the overall system for N-S tra^jectory 
control of the Intelsat V shows that the disadvantace of a low specific 
impulse is important in spite of the advantaGss* 191*8 Icg are re- 
quired with HiPEKT. 57*2 kG C 5 l 3 are required for the S cm diameter 
Kuchos ion engine for a lifetim.e of 7 years. 


ii.l: SLSGTROTHERKAL AND ELECTROMAGNETIC LIGHT ARC 

PROPULSION SYSTEMS 


lir‘i 1 *3 


The engines of this type are dcrm.ant at the preseni. u 
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ney have advantages com.pared ’.^ith ion engines. 
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"he Xi^ht arc onrAn^' is an oncino which haa boon analytically 
and expaririontally inveaticatoci for over 20 years. Its prineiplu ia 
baaed on hectin^^ the propellant cds ualnc n lic^it arc in a coribua- 
tion chamber and tlicre is subsequently relaxation throuch a noaale. 
Since the licht arc temperatures extend between several thouaand 
to several tens of thousand degrees Kelvin., depending on the gas 
type, specific impulses of several hundred to oven over one thouaand 
aeconda can be reached in the exit jet. Ono disadvantago of thia 
propulsion ayatem la that the gas dissociates at those relatively 
high temperatures and partially ionises. The dissociation and ioni- 
sation unergiea, however, mostly cannot be recovered during expan- 
sion (froson flow). Therefore, the efi’iclency decreases for vari- 
ous gases and certain tjharacteristic specific impulses, to loss than 
40-;^ depending on the combustion chamber pressure (see Fig. n-ll). 


As increases, the efficiency again increases because as 
the combustion chamber temperature increases, the relative fraction 
of the reaction heat to the total enthalpy of the propellant gas de- 
creases. Table k-3 gives a qualitative evaluation of various possi- 
ble fuels. 


The efficiency v/nich can be achieved at high pressures and for 
exit speeds of about 10,000 m/s is very favorable. This means that 
this typ<. of propulsion could be considered for certain future mis- 
sions such as the OTV (Orbital Transfer Vehicle). 


As an example of a regeneratively cooled 30kW light arc engine, 
Fig. ^^-12 show's a machine developed at Oianninl [533 with a combus- 
tion chaiiibor pressure of about 1 bar. 
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tests w'lth a rad" 


,on cooj.ee 


resulted in times to about 1000 hours without 
electrodos and the noasle. 


light arc engine have 
noticeable wear cf the 
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Table 4-3: (.Qualitative evaluation 

of various propellants 
for liGht arc propul- 
sion syste.Tis 

1 - spocii'ic ir.pulse; 2 - forj 
3 - availability j 4 - storable 
in space? 3 5 - manipulation j 

6 - environmental compatability : 

7 - regenerative cooling; capacity; 

8 - avorace atomic mass (dissociated) 

9 - very good, good, average, poor, 
very poor 


Fig. 4-12; P.egeneratively cooled 
3C kV/ light arc engine 
Fuel .-Kg, Thrust: 3-35 
spec* 

Impulse: ICIO sec., 

Thrust deficiency: 54^ 
combustion chamber 
pressure: about 1 bar 

1 - fuel supply. BoroTi nitride 
insulator; 2 - tungsten nossle^ 

3 - fuel supply; 4 - m.olybdenum 
housing; 5 - cathode; 6 - re- 
generative cooling channels 

I Kuhlwubt.et' KotlioJu 7. An>3di! 



Fig. 4-11 1 Efficiency of frozen 
flov; as a function of 
specific impulse for 
hydrogen at various 
combustion cham*ger pres- 
sures [ 52 ], 

1 - specific Im.pulse in seconds; 

2 - pressure 



Fig. 4.13: 


Q ■-» V ,o*»r t" *Q 


. A ' A <5 


tor Ek 25“lfb of 
DFVLR St US t gar t 






3 - 


eu oraa 




ORIGINAL PAGE IS 
OF POOR QUALFIY 



, i 


1 1 

A 




i3 

i 

1 

■— T 

r : — 

! 


1 1 

H.>9i.a!i{aU 


Uti Ui«l4> 




ttlUBjB* 

? »tt i 

1 


* ! 

ti„ Iwl 

) 

t w 

A 

TraiUbotf 1 

•* H 

»hw, 

.iiouaL.. 

HIT A t 



— 

40d 

0.3 

7 . 10*’ 

H4 

11 • to** 

1) 

24 5 



«bwSrU 








U-w 

HhSK 

Jiv«t9«nb 

b 

CiH 

l.d 

B > to"’ 

K« 

U(» ' to’* 

»si,5 

11 4 j 


Uwi« 


AVUttll 







! 

J 

1 X « tb 


divtfirqam 

ttrvbf.- V 

U • 10^ 

bO 

1 • la*^ 

Ar 

0,1 

10 

13 * 




‘%yif^AVMU 








|it»U 

umk 

Ur.9i.iy 

div«r«<ni 

airwn- v 
AutvArtb 



3,4 

Ar 

0,5 

15 

i 

lb 5 1 

ic«nt 











IXC-J 

Pasiiaan* 


ftufwArt* 

34 ■ lu' 

M 

9 • lo'*' 

Ll 

0,5 

4B 

35 5 

0 

ii 

7 

? 

7 

7 

5iX3 , 
3 ’ lO-" 

V 

- . •<» 
i . 10 

7 

Xb 

KA 

15 * 10** 
7 

u 

30 

%0 S t 
7 


XlilwItU. ’ij 

Jivar^ont 

? 

? 

.'Vn-.nuy 

7 

n 

ht lidor 
tillj 

7 

11 

1 10 . 
1 30 5 

i 


Utuv. TU »0 









?ABLE Charactu: 


;tics of Ki'B onsinoD v/ith forei^r) fields . 


1 - 01 ’- 


«*•< » 




';eo!r.otryj 3 - r.acnotlc fieldi 




cathode; 5 -do'. 


stroair. of carpont; 6 - upstpoar. of cuppent; ? - Russian j 8 - Japanese 
9 - dovelopir.cnt ; 10 - development j 11 eleetpical pov,’ePi 12 - dis- 
chapco cuppont; 13 - mass thpou^hput; Ik - fuelj 15 - thpust; 


Id - offoctlve exit speed c 


0 ^ 


-7 - OP 


EAGNSTOPLASKADYNAMI C ENGINES 


Iho gas is ionised by the vepy high light apc tempopatupes and 
can again be accelerated using electromagnetic (Lorents) forces. 
Propulsion systems where the electromagnetic fraction is dominant 
in the gas or plasma acceleration compared with the thermal accelera- 
tion are called magnetoplasmadynamic engine systems or MPD systems. 
They operate at a relatively lov; combustion chamber pressure (5*10 
- 0.5 bar) and can be tested only under very good vacuum conditions 
with reliabijlty because of the interaction betv/een the light arc 
discharge and the surrounding gas. According to the operational 
state (stationary, quasi-stationary, pulsed) and their acceleration 
mechanism (eigen.field , foreigniiuld ), the KPD propulsion systems 
are classified into various categories, Quasi-stationary pulse dura- 
tions mean durations of 1 ms and longer, 



bKJur 



MSOUATOR I 


VLRDAMPFCR \KAThOCE^ 


PiG* 4-1^: DiiiGi’ar. c:’ the 

Lithliiv^ :.:?D on- 
line 1(52] built 
by KOS 

1 - r.aynetic coil; 2 - vanori- 
toi’u; 3 - inoulatopj ^ -cathode. 

STATION/iR'i AaD QUASXS^ATIOX’ARl' 

e. j. uiL.'.i' ...iiivD ACCdiwERAXORS L 3 ^ f 

bb, tie,]. 

Cr.o oXvUr.plo of this typo 



* 

> »« >- 



«..o e^G-aiaoid accoloratop Xoflon or.Ginos 

o,i>. ^:)-a.uu uovolopod at the 1 - avoraGo oorr,pai’’ison thrust; 

DFVLR Stuttgart (see FIg, ^-13), ^ ~ exit speed; 3 - efficiency 

Between a ring anode and a pin cathode, a lo\f pressure light arc dis- 
charge occurs. The discharce current induces circular Jtagnetic field 
which in turn interact with the current which ceneratres then^ and 
accelerates the plasr.a carrying the curi'’ont, 

-.l^e eluctrotjagnetic thrust component depends only on the geome- 
v.ry and tne current intensity and is only important at high 

uu***i...t ..r.Mt 4*.„,it^eu . ^n order to exploit the electrothermal thrust 
component, the aevice is built in the form of a noasle. This means 
tnat tnu thrust cannot be arbitrarily increased with current inten- 
sity, out 13 limited by a critical value of (I^/m) . Th*‘a v''-l”e 


M »W 

Au5UlfOfnijd!.ch>vincii5KOi| [m/sj 

[••ig. ^-15; Average comparison thrust, 
efficiencies and effective 
exit speed of pulsed 
Teflon engines 


1 - average comparison thrust; 

2 - exit speed; 3 - efficiency 


p vi •? 

u 0 *.uui.. 0 ..uo uo a maximum specific Im.pulse of about 2 - 3000 


This value 


-bY-i . 


^ In^the device discussed above, for dOOO A and a m.ass threugh- 

i-Uu o* i.p o/s ai’gon, a t.irust of 17.3 F was measured at a c,^ of 11.5 
km/s and an overall efficiency of 22^3. 
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TI*o ;iOOca.t.*i*-Uv.i^un uoyaCCm jiv.-. 


nuoiucti'lc-a the stationary devices bao 


ed on the fact that the? phyolca 


processes are th.o sair.e. The heat loads are ar.aller in thw.i and tnore- 
fore they can be operated at hicher currents (20-30I<A), v;hich leads to 
tiore favorable efficiencies because of the substantially hlEher XPD 
acceleration fraction [riS]. 


FOREIGN FIELD ACCELERATORS 

In the case of NPD propulsion systems with lev/ currents, the 
electroir.acnetic acceleration part is not sufficient because of the 
low eiEC-n magnetic field. Usinc a coaxial foreign field, this electro- 
magnetic acceleration part can be increased. Because of the Hall ef- 
fect of the crossinc current density" linos, when the magnetic field 
is applied, asimuthal rin^ currents are induced. Their interaction 
with the applied field produces tho accelerating Lorents forces. 


Table ^1-4 shows several such machines with typical configura- 


tion! 


Tho first two devices with low cux’ronts operate in tho glow 
discharge range. The plasmia density is accordingly lower thvan for 
the other types. Both of them, have a cathode downstream, and outside 
of the accelerator itself. They differ in the conf igeration of the 
applied m.agnotic field. The HIT a 4 (abbreviation for Kali aon iingane) 
C5S] has a radial field in the acceleration space caused by the co- 
axial ferrite cores. The Lewis unit [oO] produces a divergent m.ag- 
netic field by m.oans of two colls concentered with the engine axis, 
similar to the three next devices [el, 62, 63 ]. These devices oper- 
ate in the light arc range and have substantially greater power uptake 
Tho thrust and mass throughput is accordingly larger. The fuels 
v.T.ich could be used I'or these engines include easily ior.isable 
alkali mptals such as potassium, and ospocially IT ' ' 
show's a typical Li system, built by EOS. 




The accelerators described, including the Japanese kfl 
ator [43], were developed as laboratory units. The Russian an 
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of vhia typu [0**ij have- boon 
flijjbw iJCSwOu since 1971. 
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In conbpasy bo the 
larse stationary and quasi- 
stationai’y plasma encines, 
pulsed unsteady plasma en- 
gines (discharge time p. s) 
have been available as 
auxiliary propulsion units 
for attitude control for 
several years. Those are 
small simple devices v;hich 
use electrical discharge of 
one of several cqndensers 
for the thermal or electro- 
m.agnetic acceleration of the 
fuel. The fuels usually used 
is the insulator Teflon, 

which ablates by means of a discharge through its surface and « 
ionised. 


Fig. i{-l6; The m.N engine built by 
Fairchild for North- 
South trajectory control 


ii then 


Advantages of this attitude control engine includes the possi- 
bility of producing precise and reproducible pulses for an effective 
exit speed of several thousand meters per second, The efficiencies 
are small but do increase with the impulse. Pig, ^i-15 shows the 
efficiencies and average comparison thrust F^ as a function of the 
effective exit speeds c^ [65, 66, 51], 


mv 

fi. I 


?hese are Teflon engines which have been built and partially 
flov;n and used for attitude control of satellites. The m.N engine 
is used for north-south trajectory control and will be flight tested 
in I960 or 19 8I. It is shown in Fig, ^-l6. 


A Japanese pulsed N?D engine wish argon as the propellant is 
planned for a flight on Spacelab in 1981 [67], 

OF POOR 
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Attil:ud(2 cor*upol can be* done ucing uhree rnaenctic coils ir*- 
stallud in the spacecraft control axes of an Earth satollitej and 
a thrust system can be avoided. This is because they can interact 
v/ith the magnetic field of the Earth and provide the desired torque. 

*ne passive magnetic stabilisation methods (for examole, ASUH 
l6sj) has been installed in the meantime in a number of Earth satel- 
lites. This includes the German AEHOS satellite [693, the AES, SAS-C, 
O.-iO, OSO-7, LES-5 and the EAVSTAH navigation satellites of the 
"Global Positioning System" as well as the RCA SATCOE communications ^ 


satelllti 


f?; 


“ 723 • in© magnetic attitude control derives its 


envrgy from the environment (solar energy), in other v/ords, there 


llite 


-s no fuel consumption and the related contamination of the sate 
surroundings caused by the engine gases, otner advantages include 
a tnooreticaliy Infinite lifetime because there are no moving parts. 
The system is also very simple and highly reliable. The system 
v/eaght can be loviev than the corresponding attitude control system* 
usu.ng thrusuing noasles, especially for longer missions [71]. There 
is also the advantage of continuous and variably adjustable torques, 
which has to be contrasted against the im.pulslve character of a 
thrusting system. Also, "pure" torques are generated w’ithout any 
perturbing force components. Magnetic attitude control is alv;ays a 
possability x’or flight missions with high requirements for maintain- 
ing a certain trajectory, such as for exam*ple navigation satellites 
j.n i/his case the torques are produced v/ith thrusting nossles 
which are activated in pairs because of ' the fact that there are al- 
w’ays thrust differences which lead to small disturbing forces and 
therefore to trajectory disturbances. 


1 ■' 


I’or present day orientation accuracy requirement 
na^anetic coils are usually combinod with other systemis for 


s for a 


itol- 


attitude control, consisting of momentum storage un 


,XU3 


(r. 


t 


reaction flyw'heels, torque gyroscopes) and torque generators, 
lirst American throe-axis stabilized communications satellite 
SATCOM is a typical exam.ple of this, its attitude control s”. 


} 
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ucoij a , r.acaoulc ar.a r.yd*a .u un, 

which have been baila have dlroie c.cne.-.ac of about 
7,5 - 128 deper.dina on the =*;djcctnry 

to-'Ciies in the ranee between 0.2t • eO .e.. to ■ ' 

electrical co.-.eur.rtlcn it between 0.2 v; to 12 W per r.acnet.c co... 


, X-OLSAR-TKERKAL, 1"J01SAR-SI.E0TR:C AX3 

ccr-raxN'ED prcpulsioh s^steks 

Enera- eouroes used at the present time for nuclear t’oeketo , 

are either nuclear fission reactors or radlolsitope aecay reac-or-. 

-here is also the very futuristic concept of a bot=b 

(Chapter 6). For these nuclear fuels, there is no th.n,:ae.e e..a* 

v.rtfikp''- Ouhor words » the fuel is used dO b. 
with the cnemioal r-ockey Un Oyn^r woxu , , 

. , ^ . vw-in-tti'A *'hi* ruclour fuels decuy too Sy.o>‘.-.y M.nc 

t'.ropellant). 'This is because yhe nuc*su. xuvx ^ 

* j th‘*''OUdh the tnorntau. une*^j *e 

ax'’e r.uch too expensive, Cnii-y tnu payi, un.Qu^, 

, ,, T ^ n''- e-^ther the direct heaty.ns o* 

mains for practical ap-.-.iCo,y,hO„u, u-uns. ^ 

^uel (H,., XxU) in the reactor (nuclear-thermao. roc.veys), 

heat- electrical power-thrust, which applies for nuclear-e.ectr.c 

rockets . 

For the ewit speeds of about 8500 t./s achievable today, the 
potentially very high specific energy of the reaotor not ^ 

doaenstrated (also, its costs are very high) (see ^ 

oare 31). Shis is especially true when a great deal of fuel -s neat 
‘by ’the reactor, for example for an often recurring transportation 
mission near the Earth (shuttle operation) [75.i- 

tn the case of nuolear-uloctrioal propulsion systems, the exit 
s.seed is much better matched to the specific energy^ of^ the reactor 
oke handicap is the very limited specific thrust, whecn 

for all electrical systems o. yhe o, \ , s 

celeration to a maximum of about .yu - *0 “ 

* 4 - « '.• s , -1 ^'nciG COnCGO w a W*’*XC*i "Us^Oo 

A Good coir^prondse saer.s to oo .he ..ooc coi^u . , 



t-hc iv;;w't;cr alternniuly foi» a I;i/h ths^ust c;* wvcytricu*!^' to 

p:'Oauc<^ a tspeeiflc lr.ruli^w, unU also 5*raducc« 

clccti'ical pov.vr Cs'’or v'Kan;rla, lOv-lCOO k’.\) i'cr other purpoooo* 


5.1 


air «k« W' lar •*» W’A I A W*>WAk^ 


Tri x>V‘ 

»*. Vi'» 


A i;ucler;r fluoicn rauctor ia tha onorry source ana Itu heut 
is directly supplied ccnveotively te a r^’opv'llant ras, In practical 
pro.-'ects, the exit speeds of a nuclear therr.al rocket uoinc; hydrop.er. 
as a fuel are liirsited because of the strerHlth of the swparatien wall 
around the fissiw'^n uenv> (shieldine*. n-.oderatcr) to about os- £510 n;/s.‘ 
?hc tiaxijr.ur. perr.issible jr.aterial temperatures are between 2300 - 
OdOC^K at the present time. 


t\<X, vt Vb« •«. ^ * V.* R*» •*• j * t *4* 


nary research (reactor project Hover and aawijj 


V*. 

. Hw* «.^w w w A ^ X w^’ V V V 4 - V 4 « 4 V% 

the American project ySATA (Nuclear Knp,ine for Hocket Vehicle Applica- 
tion) developed a hydrOijen enj;ine with a thermal power of about 1575 
M’-.'j a thrust of 33^ kN for a specific impulse of £25 s. I’he p.as tem- 
perature at the notslo inlet was 23cG°K and the itas pressure was 31 
bar. The dry weipjnt of the_ enr,ine was 38 >100 kf:* l"ne specific power 
therefore v,*ould be 3-5 x lO"* b'/ks without shieidins for the crew. 

The initial acceleration was 1.? c^. 


The thrust can be throttled to 915 i9C, 99]. Application studies 
75j consioered stages with a lift-off weight of about 196 tons (v;ith 

► ** s 




.36 tons of hydrosen), for example for LEO-moon ox’bit shuttle 
IRVA Stases can be used as first stapes (about 2A0 tons) from LEO 
for manned 50 Md solar electric I'tars research ferries ]??]. 


*\4c3<4 


.*n the American project :-:ini-PE?A-A (about 1972-73), application: 


1 j ^ "I V* V** <’» *1 , .7* V 4 i I'm c* 4 •.*« 4 

■ Wji.ut.*..! **vtVout-U..^. "“w-A + C.*. W*!^^***.^*^ Aii W**W **.»< 


pew 


range for in - 

j,n par V -i. cU'v.ar , 


5 w,W'G0 kg 4.af f 

a 3CC ^15, 2701 kg i 


we 


* !•* ^ W w ¥ I Vii* A W »4( 4 \m» W W s 


;u V,*: 


. r? ' ■** vt' * :•* 4** . 4 T • > 

/ f aV*A V 4*A 
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far aa’A'.iicwvl tlv‘valQiT.vr.i; of 
the h'inv.'A er 4 ';JLr.ea was stoffc-a 
around 191^, because at that 
time a sufficient number of im- 
rcrtant applica^ionQ which 
wouia Justify the coots were 
still 10 - 15 years in the 
future and the shuttle project 
was cl'ven preceuence for the 
limited resources of the USA. 


LIQUID CCHU ADD 3AS CORE 
RSACCOH COUGEPUS 

Research projects have 
been concerned v/ith the follow- 
ing reactor concepts [100] (esti- 
mated possible specific impulse 
value in parentheses): 






1. Fission material is mixed thoroughly in a finely 
distributed form in the carrier gas "fluidised 
bed reactor" (lOO-llOO s), 

2. Fission tone in the liquid state, carrier gas 
pressed through it; liquid core reactor (up to 
about 1500 s). 

3. Fission matca’ial gaseous: gas core reactor (up to 
about 7000 s). 


Uhe heating of the carrlor gas by radiation was also analysed. 
The carrier gas and the gas core are separated by a quarts tube 
(proj ect "Light bulb" ) . 

These ideas are far from being fully developed and are not 


Co 
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Vo mC* UwVOiOpOU In VlX* *U,^Ui'0. 


rrc-rulsloR apovorjc 0* thin *.?ind wore devtCcp'.-u ten- 

oicivriiVly in vi«c VISA ovur vhc* iusv 20 yetirs. 


.Vi>J 


« v#*ite bIbW yt I 


.i;r: ruu- oiowvopw^ nan be uoou: polcniur. m'*v 

day balfOi-’w) i euxCur. 0 h 2 (XC2 uayo)^ curiurr. 2 hh (19»2 yx‘«.*- ar.a 
plutojxiu’.i. 23w (2 u.m ys’s,), ?he er»£‘;incs consiov of an isotope uap— 
auXw* sari’ounded wxtb a raoiaticn onieo-o anu neaw ir«wU*avj.u.*j ** 
which the fue* (usually hydrogen) draws the heat, Thernial powe 
is in the range of about 1-lC kV*. 


^ A Wi»c 


In the fOODLS project [9o2, a UxW poloniutx 210 hydrogen en- 


gine was developed Inthe thi^ust range between about C.47 to 
I'he specific ir.pulse was 7^5 sec. at a hydrogen ter.perature of 
212 0®K. 


y* 

r » A 41 » 


Advantages include the relative sitiplicity and payload ir.- 
prover.ents cot*, pared with cher.ioal rockets. I'he' long flight times 
for large payloads are disadvantages (similar to electrical propul- 
sion) as well as the required safety measures for possible atmospheric 

reentry . 

I'he "Nuclear Isotope Kono-Propellant Kydraoine Engine - 
PIKPHS" is a possible energy hybrid engine. It is an alternative 
to the electrothermal hydrasine engines described in ^.3. 'Iho tem- 
perature limits and specific impulse are supposed to be comparabi.e. 

Ihe advantage of a savings of oloctrical power (about 25C - hCC V,’ 
for IliPEIil, or 1 W/irdC) is balanced hero by the disadvantages of the 
safety measures for reentry and the required cooling during ascent. 
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*4 », ViilW #»V V»* 4 »i#«^' 4 -* 
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VI II 


■i*^ ]Q Ci^c u wi^^* ynuw*'* oci*i"iuoi*ailor* , w-VuH thou^ ;h vh*; cluvdc[^- 

r;eni. of thw s;.*A? tiC-SPUH roactior fujniiy (3CC-.12C0 */.:^) huj Icen die 
dOJii Inuwis In uljo UCAi Cechnolo^icul project a for "out -of -core'* as 
wci; a,8 "in-core" tJiermior.io syetcir.s and turbo eXuctric nuclear rc- 
acsore arc nov? beinc invest inavcvl. 


btua-^. s on a *iCw k’-.‘e nuclcar-clcctrie prai,-ulsion oyatvr;. l*» 0, 
ICir based on an approxir.asc*ly 62 ’.v’/kn enwrry supply systor. and a 
33 V.Vkr: spcolfic thrust raoiation power with a £JC00 s opociric itj- 
rulse is bein-* considered for invcsti»::atiGn of the outer plunyts, 
v-upiter, Saturn and others, with sample return. 22-ton stages are 
compatiole witn tne shuttle and ai’e supposed to earrp' up to about 
12 tons of payload. As a later extension of the 25-50 kv; solar- 
o*ectric system (32?S), the nuclear-electrical spacecraft will prob- 
ably play an important role in the far future (after 1350, if the 
safety ana waste removal problems of the reactors can be solved 
with an acceptable amount of effort. 


*ne aual-modo reactor or nuclear rocket enercy center concept 
has been considered since about 197C in the t;SA [10^3. It censidvrs 
alternately hoatinc hydroyion for direct thrust or delivering elee- 
rical power usins a reactor installation. I'he same radiation shield- 
ny, oan be used either for short times at a hioh reactor output 
(nuclear-thermal rocket) or 'Over an extended time pieriod for elec- 
trical propulsion when the reactor is used at a low power level, and 


A 


can be used for other on-board supply. Kany parameter studie, 


irt 


Lent ion stuaiec have buea uar-t-.Ivd out for diff tyrant reaotoj 


and 


2 pe> 


power distributions. One of these references [??] resulted in 


Lfic electric pov/er a-, of 60 to 51 W/k 




at G.l 


- 1.0 M*«’e , for 


a thermal output of about 212 
ran 30) . 
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Tho dual-r.ode syutom had tho advan‘vae,o coir.parGd with dv.*o- 
ataca vuhicloD that it ha<^ hi^h thrust available for the various 
maneuvers. Therefore, it seems promisinc f’o^ itany applications 
in the remote future. 


6. ADDITIONAL PROPUT SION CONCEPTS 

Air.onc the propulsion concepts discussed here, we would like 
to discuss four which can probably be developed in the near future. 
Two others also exist whose technical realisation cannot yet be ps:’©- 
dicted. This includes solar cells and "NPD ramjet" in the form of 
non-rockets, planetary atmospheric propulsion systems as combination 
propulsion systems, and solar-thermal, laser and fusion propulsion 
system.o in the form of rockets. 


SOLAR CELLS 

This concept has been susgested for some time. The radiation 
pressure of the solar light (0.9x10“^ N/m^ at 1 AE, total reflection) 
is exploited using a large reflecting surface. In spite of the fact 
that the radiation pressure pushes radially outwards, solar cell 
driven spacecraft can also spiral into the sun, if the thrust is 
directed against the direction of flight by suitably positioning 
the mirror. After approaching the sun, the cell is transferred to 
the thrust mode in the flight direction. Therefore, by flying around 
the sun, the spacecraft gains- considerable thrust. The advantage of 
the solar cell (com.pared to solar electric systems) is that within 
the temperature limits of cells (about 330°C) the payload can com- 
pletely exploit the high radiation density near the sun (l6 solar 
constants at 0.25 AE) without the need for additional largo v?eight 
expenditure. 

The solar cell principle was already used in the U. S. Kariner 
probes (for example, Kariner IV Kars) for passive attitude control 
using moveable solar rudders. 
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In the Tiiiit four yoaro, 
NASA conuiderod the solar coll 
for planetary research programs 
C 87 ]. Comparison studios (com- 
petition) between solar colls 
and solar electric propulsion 
vjere carried out for several 
complex comet missions (Kalley 
1985-86 rendezvous) (86, 105 ), 
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Enormous solar cells 


with areas of 6-7 x 10 


5 


m 


Fig. 6-1; Solar cell, with square 
sailing surface [851 


with extremely light structures (cell weight about 8.1-9 E/it ) 

— '2 2 

were required to drive the 600 - 625 hg payload m.odule at 10 ■' m/s 
at the beginning. In about 3-1/2 years the spacecraft would be 
brought into the retrograde Kalley trajectory, after it had been 
accelerated with the shuttle and the lUS into an Earth escape tra- 
jectory. At the beginning, square [85] (see Pig. 6-1) and later 
on windmill-like rotating solar cells were calculated. Tv/elve 
blades 7.5 km long, 8 m wide, covered with approximately 2 pm thick 
metallic capton or parylene foils made \ip the cell area (approxi- 
mately 3 g/m^). This resulted in a blade mass of 200 kg and a total 
cell mass of about 5.6 tons [86], 


Because of the advanced state of development of solar elec- 
tric ion propulsion and its great flexibility for changing the flight 
trajectory, preference w'as given to the electrical systems (SEPS) 
and the development of solar cells has been deferred. 


CHEMICAL PROPULSION WITH EXPLOITATION 
OF PLANETARY ATMOSPHERES 

Just like for alr-breatning chemical propulsion systems, the 
propulsion systems of planetary probes can also exploit planetary 
atmtospheres . The planetary atmosphere can either be used as sup- 
port m.ass if it is com.posed of neutral gas (exam.ple: Mars), or it 
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in pochible to concider 


proi<wllw'r propultiiv'jn vlrlven by a rocket can cthU'rator . Such a 
propulnlon tycteiu with hydratine >;as c^-norator it pretently the 
tv'.pic of a dononntration rroci'dni for an unt--..', cd Kava aircraft 
ut the roqucht of NASA l913- 


tfvn^ t? ** V TTi'iT^tt 


t4*VU\ 0> 4. M i. 


In principle, by interaction of a inac,nctic field with a etc 
ditcliarse, it it pottibla to produce thrutt even in a very rarefied 
partially ionised upper atir.osphere. This effect was riOasured in 
the early tottt of y?D plasma enj^ines in intufficient vacuums. 

This thrutt could be used for coinponsatino for dray, in tatellitet. 
Various confiyurations for capturing and accolorating the rarefied 
atir.otphore (platma) are possible. Studios are in progress in the 
USA under the sitl 


0 "Space Electric Hamjet" C88]. 


SOLAR-TIiEEMAL ROCKET 


In this propulslcn principle, the heat radiation of the sun 
is concentrated at the foeut of a parabolic mirror and is used to 
heat up the support mass. For a relatively high thrust (>C. 07 N/kg, 
i.e., substantially higher than for solar electric rockets), exit 
speeds can be reached which are comparable with those of nucleai’- 
thormal units wfithout the occurrence of safety or cooling problems. 


Extremely light mirrors of the required quality were produced 
the uO 4"* V-i ►.»* **• 1. i ^ j electrolytic methods and they wajre fabricated from 
one piece, Because of tx’ansportation reasons, theii* site was limited 
to about it m diameter. Foldable mirrors do net achieve the tempv.ra- 
tures of about 2000°K [102] required for I, > ?C0 s. Anoth.er art- ;u. 
difficulty is the required alignment of the mirror axis to\a..rv..s t...v 
sun . 
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Anobi'.or our.cosbion for* futuru opoce propu 
Drivor" [&h 3. 3urnod“OUt r’oclvOv for [lotoroid ir.auoou are 

pulverioc'd and accolorabod electrorr.acnetdcally . The total loncbh 
of the aoceleration tube is more than ^ km and the total system mass 


is 1?C,C0C kj,. The exit speed of 10 km/s has been calculated corre- 
apondind to a specific impulse of over 1000 s. 


Anothei'’ sucG^'otion is the 


sO’^Ct.ixlea 


lit? 

k k 


otary 


Pellet Launcher" 


for position control of larco satellites, 
or moon rock are mechanicaily accelerated 


Small masses of meteorite 
in a rotatinc system and 


expelled so that a recoil is produced CS2]. The exit speeds cal- 
culated with such a complex device are quite limitea. 


Both propulsion sucsestions 


would have to to compared with 


many older sucG^^stions (about I960), with which pulverised parts or 
rockes were accelerated as driving agents in plasma engines, 


LASER PROPULSlCk 


ine 


'xtornal supply of energy using laser radiation is an 


often-discussed possibility for increasing t^,-. specific performance 
of jet engines. For missions with a high propulsion requirement, 
one could bring about substantial mass sav.: ngs doing this (see 
Fig. 3-3j point LAS). This w'ould x'.ean that tho takeoff weight of 
an SSTO launch vehicle with a payload of 30 tons (into LEO) could 
bo x’educed from several thousand tons using purely chemical pi’opul- 
sion to the siae of an aircraft, that is about 96 tons [33 j if ' 
specific impulse were increased to 1218 s using laser energy. The 


?1 


Tuquir-ud available useful power of the laser, hov.x-vor, v.'ould be 
sreater than 6.9 GW. In x’act, specific Impulses of 1325 s can be 


achieved v;ith heated hydrocen or even 19^0 s using 5C5 carbon addi- 
tives [82]. But the performances in the GW range are several orders 
of magnitude greater than one could expect, considering the fast 
development of military lasers. Hybrid systom.s v;ith chemical energy 
contributions require GW lasers [ 83 ] as well. In addition, laser 
electric systems instead of solar electric systems have been dis- 
cussed CIO 33 . 


PUSION PROPULSION 

Thermonuclear fusion has been of interest for a long tim.e 
v.'ith a potentially higher specific energy and possibly even a higher 
specific thrust. One concept for bringing this about is sim.ilar to 
the terrestrial laser (electron or ion) radiation fusion, is the 
suggestion of microhydrogen bom.b propulsion [951 • A deuterium- 
tritium target v/ill undergo a fusion reaction behind the spacecraft. 
Additional fusion rocket concercs are based on the magnetic inclusion 
of a thermonuclear fusion plasma, but these belong to the distant 
future. In addition, the weight of the installation seems to be a 
major problem. 


7 . CONCLUSIONS 


lUNCK VEHICLES 


The technological state of present chemiical rocket propulsion 
for launch, vehicle rockets is represented by the not yet co.mpletely 
developed main engine of the space shuttle. In the near future, we 
can expect further improvements by increasing the com*bustion cham.ber 
pressure, by using noasles with variable area ratios and by employing 
the mixed mode propulsion concept. These improvements will only result 


in a few percentage gains in the specific impulse 


but substantially 
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Incruauu tho payload. buyond thly can bo forocaon by 

u bruav.un,, prc./Uloion in coni^ination with rockot propulsion. 

On the othor bund, no ljnprovun;onts by the use of no;/ hi^h- 

luoxo lor launcn vehicles can bu foreseen in the foreseeable 

i Ut/Urv- . ijowiiuso of cost effectiveness ard 

w«-.vv...vvia M.r.u onvironjrtentaj- Protection. 

eucn uels :nust^be excluded (-th the burning of fluor, hydrocon and 

,,or tn-s reason, wo believe that the large solid booster 

propulsion syster.s will be replaced by liquid propulsion systems. 

Xhe mentioned improvements will make possible the devolonment 
ox even mere economical and reuseable space transport vehicles Mth 
only one or tw'O stages. 


i'or user Groups with small yearly transportation requirements 
non-reuoDabj.e units will still bo the most economical solution. 

developments, one will distinouish between shuttle- 
Ac pa.^oc,he,cr transportation vehicles and laroo freight transnorta- 
tion vohlcle, (heavy lift launch vehicles), which will result ‘in sub- 
stantial cost reductions because of improver, ents in the structure and 

mauOriaa.s and because of thel"” i c-ir.-, j 

_ uj, vnt,Xu. laige size. The requirements for these 

vehicles will stimulate new research on engines. 


KICK AND TP, ANSFEB STAGES 


Tne solid fuel propulsion method is .mostly used in the present 
stages and transfer stages, including the lUS under develop- 
».cnu^,io. upace shuttle. Reuseable space tug systems, maneuverable 
satoxlitos, space stations and interplanetary spacecraft will recuire 
Increased propulsion. These requirements lead to the dovolonm.ont of 
two fuel propulsion systems, first with space storable fuel combin- 
txons. Later on this will load to somi-cryogenic and even cryogenic 

systems, Tne use of high~enerf”V fuel 

-,o xutj. Go.,.oinax,a.ons (witn co.r.sustiGn 

0* u-luor, hydrogen and m.etal) can be expected in the far fuuure. 

Further im.provem.ents can be expected by increasing t-e 
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cuar-ibui’ t-i'c'jcui’o, uoiSv'. r.dxod r.oUu and by uclnc tr.e urna^-iusb nun,fcc;r 
of stra '^Cj vin^i by jjr.yi,’ov'i.ni^ wjia avPuc'tiUJi’aX and K>afconXaX cliai‘ac'to*’a>j~ 
tics of the overall systor,, 
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For ir.lsalons with low iJTipulse recj,uiret.ont (about ^ 2 0 '^ Nt;, 
the txnjsted cold systen: will acain be considered. Cr.ala pu-sod 
T’laor.a oropulsion units have been used for itany years as att 4 .v.uue^ 
control devices. For an avei\ace propulsion roquirerr.ont (about 10-^ - 
lO'^ Fs), t;ost catalytic hydrauine systetis and MIU resisted ets v;**-. 
probably be replaced in the near future by cheir.ical-olectrotnerr.a- 
propulsion systesns. Soir.ewhat above this total impulse ruquirurr.env. 


oi 


nb 


Ks, electrical propulsion systom.s will bo used after aem.on- 


stratir.2 flight worthiness, if the low specific thrust is sufficient 
for position control, just like for the position control of c^o- 
stationary satellites. For missions near the Barth which require 
hich m.anouverability, KgK, reslstojets or isotope engines will bo 
used. 
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The 30 cm ion engine system developed in the US.^ for pri 
propulsion is at present undergoing lifetime tests. A comparaole 
ion main engine RIT-35 is being developed in Germ.any. Iho American 
system is planned for the Halloy/lempel 2 comet mi^'$sion with a ^aunc 

in 1985 . 


m.ade at NASA to use solar electric 


A decision was recently 
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Ar.ionc the other propulsion cysteno, several are techn-'’--'!!'-? 
realisable — others cannot bo prodiotod at all. 

Nucloar-electrical propulsion systems at the present 
still ofx’er the best possibility for intensive and r.anned explora- 
tion of the planets, possibly coupled v;ith a nucloar-thernal pre- 
stace or used as a "dual-node" syston. The nuclear-thernal syster..b 
alone seen to be predestined for the heavy transport missions near 
the Earth. Except for the radloisojot, neither one can be expected 
before the 1990s, and ar.onc 'the various problems which nust bo 
solved, there is the safety problem. 
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he solar cell could be developed later on in addition to solar 
electric systems for planetary exploration. The development of laser 
propulsion will require breakthroughs in the areas of lasers ana 
onlines. These propulsion systems could offer suostantaa- av*va..v.v*^.,cc. 
for ascent through the atmosphere. At this time they wou^a Lv.vw vO 
compete with advanced air-oreatning engines. 
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APPENDIX 1 


Pho propulsion capacity of a space vehicle (rocket) is 

Sivon by 

® fictitious velocity 
"T increase of a rocket 

in space without 
forces (mass mj^(t)) 

Even thouG'n space vehicles fly in combined gravitational fields of 
Che sun and planets and the influence of other forces (air resistance, 
solar pressure, etc.), the propulsion capacity of a system and the 
propulsion requirement for a mission is expressed in the form of such 
(fictitious) Av values. 

For single-stage rocket v;ith a constant exit speed c^, the 
propulsion capacity is 

Av^cp = Cg In (mo/mB) 


and for multistage (n) rockets, we have 




n 

^2^ Cej In (moj/ir.aj) 


The payload m^^ = m^ - m^ - m^^, so that the payload fraction for single 
stage vehicles is 


Ur. = 




'L ro. 


= exp (-AvANT/ce)“(ys‘*‘^W^ 


This is somewhat more complicated for multistage vehicles. However, 
numerical approximate formulas can be derived from an envelope of 
optimized multistage vehicles (as done in Pig. 2-1). 

The propulsion requirement for a flight mission Av^x^.^ is de- 
fined as the sum of the absolute values of all necessary equivalent 


b3 



"velocity chant", es" Av (in the conce Given 'above), v;hich must bo pro 
vidod by the propulsion systom, without consideration of the direc- 
tion or the sign 


Av “ ^ I Av4 I 

CHAR i ' ^ANT ' 


Av«..a- is calculated from the ideal Av req. for the flight task 

Vli A A 

and the civen launch site and the launch direction, including the 
directional changes, braking and landing maneuvers, plus correspond 
ing Av values for gravitational losses, especially in the Earth's 
field, air drag losses during ascent, fuel reserves, etc. (see, for 
example [973). *he ideal propulsion requirement can be reduced by 
atmospheric braking upon return and possible swingby maneuvers (see 
2-3) j however, it increases substantially if higher flight speeds 
are used for saving time instead of the minimum required. 


In this summary, the propulsion requirement and propulsion 
capacity are simply set equal and called Av. 

Eor rockets where the energy system is separate from the fuel, 
the mass ratio 


^o _ initial mass 
mg ~ burn-out mass 


can be represented 
propulsion system) 
mass and fuel mass 

[36]) 


with the parameter a (= specific performance of 
and the payload ratio including the net propulsion 
(m^^ and m^,) in the following form (see Stuhlinger 


HIq 


1+Cq^/ 2aT /m^r 

PLS +Ce^/2otT + m^/nvr 


The quantity a also considers the 
motor efficiency, is the sum of the 


transfer efficiency a.nd 
structure mass fractions 


8 ^ 


4 


and the puylv'.ad r.asa :Yaot.ior.o According t/O 

for an olucr.rloal or nuclear uinc*o-otW:o vehicle becor.ee a 

cyr-.bol function of Av/c , and (ir.y.Vi^) » c ^/dat) 

LS r!V|i ' ^ ' c* ism 


I'or a 4 % von ilat.;nt ;r.j.CiCaon (Av), and tlioreforo ry/r.^ can 
be optlrieed around the optlir.ur. pocsible ratio of and the*propul- 
S4.on Gura^ion ^soe Chapter ^.1), if sir.plifyinc assumptions are made. 




